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FOREWORD 


This  preliminary  draft  of  handling  qualities  requirements  for  lifting 
re-entry  vehicles  during  terminal  flight  was  prepared  for  the  United  States 
Air  Force  by  Cornell  Aeronautical  Laboratory,  Inc.,  Buffalo,  .N’ew  York  in 
partial  fulfillment  of  Project  680A,  Contract  F33615-70-C- 1755.  This  report 
covers  work  performed  during  the  period  from  .July  1970  through  June  1971. 

The  investigations  under  this  contract  were  performed  by  the  Flight 
Research  Department  of  Cornell  Aeronautical  Laboratory  (CAL)  under  sponsor¬ 
ship  of  the  Air  Force  Flight  Dynamics  Laboratory  (AFFDL) ,  Wright-Patterson 
Air  Force  Base,  Ohio.  Mr.  James  Pruner  and  Terry  Neighbor  (AFFDL/FGC)  weie 
project  engineers  for  the  Flight  Dynamics  Laborator>'. 

Project  engineer  for  CAL  was  Mr.  D.A.  DiFranco.  Mr.  DiFranco  and 
Mr.  J.F.  Mitchell  were  principal  investigators  throughout  the  project.  Some 
valuable  contributions  were  made  by  Robert  Radford.  The  investigation  was 
under  the  general  supervision  of  Mr.  C.R.  Chalk,  whose  comments  were  of 
invaluable  assistance.  He  also  participated  in  handling  qualities  review 
meetings  and  reviewed  the  final  report. 

As  part  of  this  investigation,  handling  qualities  review  meetings 
were  held  with  some  of  the  interested  contractors  and  government  agencies. 

The  assistance  of  ail  of  those  who  participated  in  these  discussions  is 
gratefully  acknowledged.  Their  comments,  suggestions,  and  information  that 
they  supplied  were  of  assistance  in  preparing  this  preliminary  draft  of 
handling  qualities  requirements.  The  contractors  and  government  agencies 
visited  are  listed  below: 

1. 

2. 

3. 

4. 

•  5. 

6. 

7. 

8. 

9. 

10. 


NASA/Marshall  Space  Flight  Center 

Lockheed  Georgia  Company 

iNASA/Manned  Spacecraft  Center 

Martin  Marietta  Corporation/Denver  Division 

McDonnell-Douglas  Astronautics  Corporation,  East 

NASA/Ames  Research  Center 

General  Dynamics/Convai r  Aerospace 

North  American  Rockv/oll/Los  Angelcc  Division 

NASA/Flight  Research  Center 

Air  Force  Flight  Test  Center. 


11 


The  contractor’s  report  number  is  BM-2995-F-1.  lliis  report  was 
submitted  by  the  authors  on  May  13,  1971. 

This  technical  report  has  been  reviewed  and  is  approved. 


Chief,  Control  Criteria  Branch 

Flight  Control  Division 

Air  Force  Flight  Dynamics  Laboratory 


ABSTRACl 


Preliminary  handling  qualities  re  ,iii remen ts  for  lifting  re-entry 
vehicles  during  terminal  flight  at  low  supet sonic,  transonic,  and  subsonic 
speeds  are  presented  and  discussed.  Included  are  a  preliminar>’  draft  of  a 
flying  qualities  specification  for  piloted  re  entry  vehicles  and  tne  rationale 
and  backup  data  upon  which  the  flying  qualitic':  requirements  are  based. 

Many  of  the  requirements  were  adapted  irom,  or  are  similar  to,  the  require¬ 
ments  for  piloted  airplanes  presented  in  the  latest  revision  of  the  flying 
qualities  specification  for  military  airplanes,  {IIL-F-8785B(ASG) .  Some 
requirements  that  are  new  and  unique  to  lifting  re-entry  vehicles  have  been 
added.  The  format  of  the  specification  is  simila;.  to  that  of  MIL-F-8785B(ASG) , 
therefore,  comparison  of  flying  qualities  requirements  of  lifting  re-entry 
vehicles  and  airplanes  is  facilitated.  These  flying  qualities  requirements 
are  preliminary  and  subject  to  revisions  based  on  future  research  and  additional 
discussions  with  interested  contractors  and  government  agencies. 
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Section  I 
INTRODUCTION 


Presented  here  are  the  handling  qualities  requirements  for  lifting 
re-entry  vehicles  during  terminal  flight  at  low  supersonic,  transonic  .  and  sub¬ 
sonic  speeds.  These  preliminary  requirements  are  intended  to  apply  to  both 
large  and  smail  vehicles  and  vehicles  frcin  low  to  high  cross-range  based  on 
hypersonic  L/D  and  normal  load  factors.  They  do  not  apply  to  essentially 
ballistic  re-entry  vehicles  with  some  limited  cross-range  capability.  Since 
one  of  the  purposes  of  many  present  and  future  experimental  lifting  re-entry 
vehicles  is  to  investigate  the  performance,  stability  and  control,  and  handling 
qualities  in  the  lower  atmosphere,  the  requirements  presented  here  are  subject 
to  verification,  revision,  and  extension  based  on  additional  flight  test 
results.  Handling  qualities  data  will  also  be  obtained  from  research  programs 
in  variable  geometry  aircraft,  and  in-flight  and  ground-based  simulators. 

At  this  point  in  the  development  of  lifting  re-entry  vehicles, 
operational  vehicles  have  not  been  designed,  and  total  operational  missions, 
flight  phases,  and  the  piloting  tasks  requ;.red  to  perform  these  missions  have 
not  as  yet  been  adequately  defined.  An  aptropriate  definition  of  flight 
phases  and  piloting  tasks  is  dependent  on  a  number  of  things  such  as  mission, 
guidance  and  navigation  systems,  cockpit  displays,  and  an  adequate  description 
of  vehicle  and  control  system  dynamics.  An  operational  lifting  re-entry 
vehicle  will  be  subjected  to  large  variations  in  velocity,  Mach  number,  and 
dynamic  pressure.  These  large  changes  in  the  environmental  conditions  and 
vehicle  dynamics  must  be  considered  in  handling  qualities  requirements.  Some 
of  the  problems  associated  with  defining  requirements  throughout  the  flight 
envelope  of  lifting  re-entry  vehicles  are  discussed  In  Reference  2. 

If  the  specification  of  handling  qualities  requirements  is  restricted 
to  the  lower  speeds  and  terminal  flight  conditions  of  lifting  re-entry,  the 
operational  mission  requi laments  become  reasonably  cl''ar.  The  pilot  must  be 
capable  of  successfully  flying  the  vehicle  to  a  predetermined  landing  site 
under  what  are  considered  operational  flight  conditions.  The  approach,  flare, 
and  landing  may  have  to  be  performed  under  IFR  as  well  as  VFR  conditions. 
Cruise,  "go-around",  or  both  will  be  valid  parts  of  the  mission  when  an 
adequate  onboard  propulsion  system  is  provided. 

When  referring  to  "operational"  lifting  re-entry  vehicles  the  word 
"operational"  is  used  in  the  usual  sense,  i.e.,  a  large  number  of  military 
aircraft  designed  for  a  particular  mission  which  will  be  flown  by  the  usual 
population  of  military  pilots  trained  to  fly  such  aircraft.  The  lifting 
re-entry  vehicles  that  have  been  built  to  date  have  usually  been  "one-of-a- 
kind"  experimental  vehicles  flown  by  a  limited  number  of  skilled  and  highly 
trained  experimental  test  pilots.  The  flight  envelopes  of  these  experimental 
vehicles  have  been  restricted,  and  the  vehicles  have  been  flown  generally 
under  what  are  considered  ideal  flight  conditions,  such  as  VFR  flight,  large 
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landing  fields,  and  limited  cross-winds  and  gusts.  It  is  also  generally  true 
that  "one-of-a-kind"  experimental  vehicles  in  the  past  have  been  limited 
budget  vehicles  in  terms  of  cost.  Since  experimental  lifting  re-entry  vehicles 
are  likely  to  be  the  rule  rather  than  the  exception  for  some  time  to  come,  the 
requirements  of  experimental  vehicles  as  well  as  those  of  operational  vehicles 
have  been  addressed  in  the  preliminary  handling  qualities  specification  pre¬ 
sented  here.  In  general,  minimum  acceptable  handling  qualities  for  an 
experimental  vehicle  performing  an  experimental  mission  will  be  inadequate 
and  unacceptable  for  the  same  vehicle  under  operational  conditions,  although 
some  specific  requirements  may  be  the  same  for  both  missions.  In  general, 
acceptable  handling  qualities  for  the  experimental  mission  will  require 
improvement  before  the  vehicle  can  be  considered  operational. 

At  the  present  time,  serious  consideration  is  also  being  given  to 
very  large  specialized  lifting  re-entry  vehicles  such  as  the  earth  to  orbit 
Space  Shuttle  Vehicle  with  Booster  and  Orbiter  stages.  These  vehicles  will 
not  necessarily  be  "one-of-a-kind"  vehicles,  but  they  will  be  very  sophisticated 
vehicles;  they  will  fly  the  total  boost  to  re-entry  mission  profile.  Design 
requirements  for  optimizing  payload  will  be  very  critical  considerations. 
Reliability  requirements  for  the  vehicle  and  its  subsystems  will  be  high 
because  of  high  progra.Ti  and  vehicle  costs,  mission  complexity,  passenger 
safety,  and  vehicle  and  environmental  unknowns.  Some  of  the  requirem.ents 
in  the  handling  qualities  specification  attempt  to  reflect  these  considerations, 
although  it  is  realized  that  no  actual  experience  exists  for  such  vehicles 
upon  which  firm  requirements  can  be  based. 

Handling  qualities  requirements  for  military  aircraft  are  generally 
specified  in  terras  of  "open- loop"  parameters  of  the  vehicle  that  result  in  a 
certain  level  of  handling  qualities  when  the  pilot  performs  certain  closed- 
loop  tasks.  The  sar»e  approach  is  used  in  the  delineation  of  handling  qualities 
requirements  for  lifting  re-entry  vehicles.  In  establishing  requirements 
based  on  specific  open-loop  parameters  similar  to  those  in  MIL-F-8785B(ASG) , 
it  is  assumed  that  the  vehicle  is  sustained  in  flight  by  primarily  aerodynamic 
forces  and  controlled  primarily  by  aerodynamic  controls.  This  is  a  basic 
assumption  made  in  specifying  the  handling  qualities  requirements  of  piloted 
airplanes  (Reference  2) .  It  is  also  assumed  that  the  essential  aspects  of 
the  vehicle  dynamics,  except  for  some  very  special  exceptions,  can  be  adequately 
defined  by  a  set  of  linear  differential  equations  with  constant  coefficients, 
and  that  the  longitudinal  and  lateral-directional  motions  can  be  considered 
uncoupled,  or  only  slightly  coupled. 

It  is  assumed  in  specifying  particular  modal  parameters  that  these 
parameters  adequately  define  the  vehicle  dynamics  in  response  to  atmospheric 
disturbances  and  to  pilot  command  control  inputs.  Command  control  inputs  and 
actual  control  surface  motions  are  not  the  same  for  a  vehicle  whose  dynamics 
are  augmented  by  feedback  loops  to  the  control  surface  based  on  vehicle 
responses.  The  only  basic  premise  made  in  assuming  the  same  modal  parameters 
for  ai.  augmented  and  unaugraented  vehicle  is  that  the  vehicle  response  is 
essentially  of  the  same  order,  at  least  from  the  point  of  view  of  handling 
qualities.  This  will  be  true  if  the  transfer  functions  of  the  responses  to 


command  control  inputs  have  the  same  order  characteristic  equation  and  the 
same  order  numerators  as  is  generally  true  of  unaugmented  vehicles  whose 
dynamics  can  be  defined  adequately  by  constant  coefficient  equations  of 
motion.  For  the  augmented  vehicle  response  to  be  essentially  of  the  sane 
order,  any  additional  numerator  or  denominator  terms  introduced  by  the 
augmentation  system  must  have  sufficiently  high  break  point  frequencies,  or 
be  so  arranged  that  they  cancel  one  another  such  that  small  or  negligible 
effects  on  the  basic  character  of  the  vehicle  responses,  which  occur  at 
lower  frequencies,  are  evident. 

Primary  and  secondary  flight  control  system  requirements  as  they 
determine  handling  qualities  are  usually  stated  separately  in  terms  of 
mechanical  characteristics,  control  centering,  breakout  forces,  phase  lags, 
and  other  dynamic  characteristics,  'rhis  is  the  method  used  in  MIL-F-8785B- 
(.ASG)  and  is  also  followed  here.  Such  a  procedure  assumes  that  the  effect 
of  control  system  dynamics  on  handling  qualities  can,  in  fact,  be  specified 
separately  and  can  be  related  to  the  vehicle  dynamics  in  the  closed- loop 
situation  in  a  simple  way.  It  is  recognized  that  this  is  not  always  possible 
and  generalizations  are  not  easv  and  must  be  approached  with  caution  (see 
References  3,  4,  and  5). 

It  has  been  proposed  by  some  that  a  simpler  way  of  specifying  handling 
qualities  requirements  for  a  large  variety  of  higher  order  vehicle  responses 
that  result  from  the  use  of  various  augmentation  systems  and  feel  systems, 
Hy-by-wire  or  otherwise,  is  to  specify  acceptable  time  history  response 
envelopes  of  the  complete  flight  control  system  and  vehicle  combination. 

Such  a  form  of  specification  may  be  possible  in  specific  cases,  but  agf.in  such 
a  generalized  approach  has  yet  to  be  devised  as  indicated  by  the  results  of 
Reference  4. 

In  view  of  what  has  been  said  above,  and  subject  to  the  stated  limita¬ 
tions  as  discussed  above,  the  handling  qualities  requirements  specified  here 
apply  to  augmented  as  well  as  unaugmented  vehicles.  A  few  stability  ajid 
control  requirements  in  MIL-F-878SB(ASG)  are  specifically  related  to  control 
surface  motion  rather  than  cockpit  control  motion.  These  requirements,  when 
applied  to  airplanes,  are  requirements  on  the  unaugmented  airplane  or  the 
"bare  airframe".  These  requirements  have  been  modified  in  this  lifting  re-entry 
handling  qualities  specification  sc  that  they  do  not  refer  to  control  surface 
motions  for  the  reasons  stated  in  Section  III  when  these  particular  require¬ 
ments  are  discussed. 

A  vehicle  sustained  in  flight  primarily  by  aerodynamic  forces  implies 
a  lower  limit  on  the  operational  dynamic  pressures.  A  lower  limit  on  oper¬ 
ational  dynamic  pressures  which  the  specified  handling  qualities 

are  intended  to  apply  can  be  determined  from  the  following  inequality 
(Reference  1) . 
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=  lower  limit  on  the  maximum  attainable 
load  factor  in  g's 

=  maximum  operational  lift  coefficient 
(not  limited  by  control  power) 

=  vehicle  weight  in  pounds 

=  reference  area  of  vehicle  in  square  feet 

For  sustained  level_/light  at  minimum  speed  [maximum  operational 
lift  coefficient,  =  1.0.  In_ equilibrium  glide  flight  at  min¬ 
imum  speed  and  constant  glide  angle  (y} ,  =  cos  3^  .  JJnder  such  conditions, 

assuming  L/D  =  1.0,  the  glide  angle  is  45  oegrees  and  become^  0.707. 
Although  it  is  difficult  to  establish  a  defi.nite  lower  limit  on  (kig^)  , 

=0.7  appears  reasonable  and  will  be  considered,  in  lieu  of  a  better 
value,  in  determining  the  minimum  value  of  dynamic  pressure  at  which  the 
handling  qualities  requirements  presented  are  expected  to  apply.  The  value 
of  (^^o))Kdy^°  Equation  (1)  should  be  the  maximum  value  attainable 

for  the  vehicle  without  limitations  due  to  control  power.  Sustained  operation 
of  lifting  re-entry  vehicles  at  dynamic  pressures  lower  than  those  specified 
by  Equation  (1)  mast  be  covered  by  special  handling  qualities  requirements 
not  considered  in  this  specification. 

If  the  operational  flight  conditions  of  the  vehicle  are  such  that  the 
dynamic  pressure  variations  with  time  are  significant,  handling  qualities 
requirements  for  sustained  flight  under  those  dynamic  conditions  must  be 
covered  by  special  requirements  not  considered  in  this  specification.  Signifi 
cant  dynamic  pressure  variations  with  time  can  be  established  based  on  the 
following  equation  taken  from  Reference  1. 
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j8  =  .425  X  10"'*  ft"^ 

=  initial  flight  path  velocity,  ft/sec 
^  =  initial  flight  path  angle,  deg 
d'‘^jdt  =  acceleration  along  the  flight  path,  ft/sec^ 
P  =  period  of  the  dynamic  motion,  sec 
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The  period  (P) ,  is  the  time  of  significance  for  the  dynamics  under  consider¬ 
ation.  In  the  case  of  short  period,  motions,  P  may  be  the  period  of  the 
longitudinal  short  period,  the  Dutch  roll,  or  the  roll  mode  time  constant.  In 
the  case  of  longer  period  motions,  P  may  be  the  phugoid  period,  or  the  spiral 
mode  time  constant.  When  Pis  large,  the  trajectory  conditions  ,  sin  ^dVldf 
need  not  differ  greatly  from  the  values  in  straight  and  level  unaccelerated 
flight  before  the  dynamic  pressure  changes  become  significant  during  the 
period  of  the  motion. 

Mow  large  the  dynamic  pressure  changes  must  be  before  they  signif¬ 
icantly  affect  the  dynamic  motions  has  been  investigated  in  a  preliminary  way 
in  References  6  and  7.  It  is  apparent  from  these  preliminary  results  that 
both  the  character  of  the  vehicle  responses  and  the  degree  of  damping  that 
exists  in  the  various  vehicle  response  variables  is  affected.  The  effects 
appear  to  be  largest  for  lightly  damped  responses.  Thus,  long  period,  lig'  tly 
damped  motions  appear  to  be  most  strongly  affected  by  time  dependent  dynamics. 
How  these  effects  influence  handling  qualities,  if  at  all,  and  how  they  might 
be  considered  in  a  handling  qualities  specification,  have  not  been  established 
at  this  time. 

Some  simple  nonlinearities,  such  as  nonlinear  control  derivatives,  are 
treated  by  special  requirements  in  the  specification  where  appropriate. 
Significant  noniinearities  in  the  nondimens ional  stability  derivatives  within 
the  angle  of  attack  and  sideslip  angles  that  will  occur  during  dynamic  oscil¬ 
lations  of  the  vehicle  must  also  be  covered  by  special  handling  qualities 
requirements  not  considered  in  this  specification. 

Axis  systems  are  important  in  establishing  whether  or  not  a  particular 
vehicle  meets  particular  handling  qualities  requirements.  This  is  especially 
true  of  lateral-directional  requirements  and  lifting  re-entry  vehicles  which 
may  be  required  to  fly  at  rather  large  angles  of  attack  during  particular 
flight  phases. 

The  modal  parameters  of  the  vehicle  required  to  satisfy  handling 
qualities  requirements  are  referred  to  stability  axes.  This  is  an  axis  system 
fixed  in  the  vehicle  with  its  origin  at  the  c.g.  The  X  axis  is  in  the  plane  of 
symmetry  of  the  vehicle  and  is  considered  positive  when  pointing  in  the 
initial  direction  of  the  vehicle  velocity  vector  with  zero  sideslip  before  the 
vehicle  is  disturbed.  The  %  axis  is  perpendicular  to  the  plane  of  symmetry 
and  positive  to  the  right  when  looking  in  the  direction  of  flight.  The  axis 
is  in  the  plane  of  symmetry  of  the  vehicle,  perpendicular  to  the  %  axis,^and 
positive  when  pointing  down. 

The  validity  of  some  of  the  lateral-directional  requirements  when  they 
are  applied  to  lifting  re-entry  vehicles  flying  at  large  angles  of  attack  is 
open  to  some  question  since  much  of  the  handling  qualities  data  upon  which 
such  requirements  were  based  was  obtained  at  more  moderate  angles' of  attack. 

The  piloting  tasks  and  pilot  cues  may  be  significantly  different  at  large 
angles  of  attack. 


None  of  the  requirements  is  expected  to  apply  to  two  or  more  stage 
lifting  re-entry  vehicles  while  the  stages  are  attached  or  during  separation. 
A  few  handling  qualities  requirements  are  stated  for  experimental  lifting 
re-entry  vehicles  just  after  launch  in  level  flight  from  another  aircraft  at 
altitude. 


It  should  be  stated  that  hanc'ing  qualities  requirements  in  general  do 
not  necessarily  specify  auemented  vehiciu  requirements  for  an  automatically 
controlled  and  stabilized  vehicle  They  are  requirements  for  the  vehicle 
when  the  pilot  io  in  the  control  loop  and  he  is  required  to  perform  particular 
tasks.  In  some  cases  augmented  or  unaugmented  vehicle  instability  is  allowed 
if  the  vehicle  can  be  stabilized  by  the  pilot.  Good  handling  qualities  1/ 
the  pilot  in  performing  particular  tasks  also  do  not  in  geneial  assure  a 
vehicle  with  good  riding  qualities  or  passenger  comfort.  Riding  qualities  may, 
however,  be  an  important  consideration  in  some  lifting  re-entry  vehicle 
designs . 


The  specification  presented  is  intended  as  a  general  handling  qualities 
specification  for  lifting  re-entiy  vehicles.  It  is  expected  that  from  *'hls 
generalized  specification  a  procurement  specification  for  a  specific  vlniole 
will  be  written.  The  procuring  activity  will  specify  which  requirement  is  in 
apply  when  alternate  requirements  are  allowed.  The  procuring  activity  will 
also  decide  what  is  approved  and  what  is  not  approved  when  approval  of  the 
procuring  activity  is  required.  At  the  discretion  of  the  procuring  activity, 
the  procurement  specification  ma.y  delete  requirements  or  have  additional, 
or  alte.'ed,  specification  requirements  from  those  appearing  in  the  general 
specification. 

In  establishing  general  flying  qualities  requirements  for  lifting 
re-entry  vehicles,  t.ie  format  used  is  identical  to  tliat  for  piloted  airplanes 
(Reference  2).  This  method  appears  to  be  most  suitable  at  the  present  time 
during  terminal  flight  in  the  lower  atmosphere  at  low  supersonic,  transonic, 
and  subsonic  speeds.  The  paragraph  nuHi)ering  system  in  Section  II  is 
therefore  identical  to  that  used  in  MIL- F-8785B(ASG) .  This  will  facilitate 
reference  to  the  revised  piloted  airplane  flying  qualities  sp'.  iflcation. 

Many  of  the  requirements  are  taken  directly  from  the  piloted  airplane 
ication  with  proper  consideration  of  the  differences  between  piloted  airplanes 
and  lifting  rs-entr>'  vehicles.  Some  of  the  airplane  specifications  are  not 
applicable  to  a  lifting  re-entrj'  vehicle  and  they  have  been  deleted.  Other 
reouirements  applicable  only  to  lifting  re-entry  vehicles  have  been  added. 

Some  of  the  requirements  for  re-entry  vehicles,  as  is  the  case  for 
piloted  airplanes,  are  related  to  equilibrium  flight  at  constant  altitude  and 
changes  from  one  equilibrium  flight  velocity  to  another  at  constant  altitude. 

S  ch  requirements  assume  that  the  airplane  or  vehicle  is  powered.  A  re-entiy 
vehicle  may  fly  much  or  all  of  the  terminal  glide  and  landing  phases  without 
power.  Equilibrium  flight  at  constant  altitude  is  not  possible  for  an 
unpowered  vehicle.  When  such  requirements  are  believed  to  be  applicable 
to  an  anpowered  re-entry  vehicle,  they  are  applieo  to  equilibrium  glide  flight 
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at  constant  indicated  aij'speed  in  lieu  of  constant  speed  at  constant  altitude. 
Requirements  associated  with  changes  from  one  speed  to  another  at  constant 
altitude  shall  also  apply  during  glide  and  gliding  turns  when  the  glide  speed 
is  changed  from  one  equilibrium  indicated  airspeed  to  another.  Flight  at 
constant  indicated  airspeed  in  gliding  flight  is  of  significance  to  the  pilot, 
especially  in  the  very  terminal  phase  of  flight,  and  it  is  essentially  flight 
at  constant  dynamic  pressure.  For  gliding  and  climbing  flight  at  other  than 
constant  dynamic  pressure,  i.e.,  nonequilibrium  flight  when  the  dynamic 
pressure  changes  significantly  witli  time,  the  handling  qualities  are  subject 
to  the  limitations  previously  discussed  as  defined  by  Equation  2. 

The  revised  flying  qualities  requirements  of  piloted  airplanes 
(Reference  2)  are  discussed  in  so-me  detail  in  a  user's  guide  (Reference  8). 

The  purpose  of  the-  user's  guide  "is  to  explain  the  concept  and  philosophy 
underlying  MIL-F-8785B(ASG)  and  to  present  some  of  the  data  and  arguments 
upon  which  the  requirements  are  based".  Since  many  of  the  requirements 
presented  in  Section  II  are  the  same  or  similar  to  those  for  piloted  airplanes, 
mucli  of  the  data  and  many  of  the  arguments  upon  which  piloted- airplane 
requirements  are  based  apply  equally  well,  when  properly  interpreted,  to 
lifting  re-entry  vehicles.  In  fact,  some  of  the  data  presented  in  Reference  8 
were  obtained  from  ground  and  in-flight  handling  qualities  research  programs 
for  lifting  re-entry  vehicle  configurations.  A  user's  guide  of  the  magnitude 
of  Reference  8,  but  applicable  to  lifting  re-entry  vehicles,  is  far  too  ambi¬ 
tious  an  undertaking  at  the  present  time.  Lifting  re-entry  knowledge  and  data 
in  the  area  of  handli.ng  qualities  is  very  limited.  Section  III,  a  more  modest 
andertaking,  presents  the  rationale  and  available  data  used  in  arriving  at  the 
re-entry  vahicle  handling  qualities  requirements  of  Section  II.  In  Section  III, 
only  brief  coimnents  are  made  when  the  rationale  and  data  available  for 
particular  requirements  are  the  same  or  very  similar  to  those  used  in  establish¬ 
ing  the  requirements  for  .MIL-F-8785B(ASG) .  When  the  rationale  is  significantly 
different,  and  the  requirements  are  new  and  based  on  data  not  appearing  in 
Reference  8,  then  the  requirements  are  discussed  in  detail  and  the  data  is 
presented.  It  is  hoped  that  Section  III  will  some  day  evolve  into  a  user's 
guide  for  lifting  re-entry  vehicles  similar  to  Reference  8  for  piloted  airplanes. 
The  importance  of  Section  III  in  understanding  both  the  limitations  and  the 
basis  for  the  requirements  presented  in  Section  II  cannot  be  overemphasited. 
Section  III  is  especially  important  in  any  rational  application  of  the  require¬ 
ments  to  a  specific  vehicle. 


Section  II 


PRELIMINARY  SPECIFICATION  FOR  THE  FLYING  QUALITIES  OF 
PILOTED  RE-ENTRY  VailCLES  DURING  TERMINAL  FLIGin' 


1.  SCOPE  AND  CLASSIFICATIONS 

1.1  Scope.  This  specification  contains  the  requirements  for  the  flying 
qualities  of  lifting  re-entry  vehicles  during  terminal  flight  at  low  super¬ 
sonic,  transonic,  and  subsonic  speeds  in  the  lower  atmosphere. 

1.2  Application.  The  • iquirements  of  this  specification  shall  be  applied  to 
assure  that  no  limitations  on  flight  safety  or  on  the  capability  to  perform 
intended  missions  will  result  from  deficiencies  in  flying  qualities.  The 
flying  qualities  for  all  lifting  re-entry  vehicles  shall  be  in  accoi'dance 
with  the  provisions  of  this  specification  unless  specific  deviations  are 
authorized  by  the  procuring  activity.  Additional  or  alternate  special  require¬ 
ments  may  be  specified  by  the  procuring  activity. 

1.3  Classification  of  vehicles.  For  the  purposes  of  this  specification, 
lifting  re-entry  vehicles  shall  be  placed  in  one  of  the  following  Classes: 

Class  III  Medium- to-heavy  weight,  low-to-wedium  cross-range 

based  on  hvpersonic  (L/D)  and  normal  load  factor. 

Class  IV  Light-to-medium  weight,  medium-to-high  cross-range 
based  on  hypersonic  and  normal  load  factor. 

The  procuring  activity  will  assign  a  vehicle  to  one  of  these  Classes,  and  the 
requirements  for  that  Class  shall  apply.  When  no  Class  is  specified  in  a 
requirement,  the  requirements  shall  apply  to  both  Classes.  When  operational 
missions  so  dictate,  a  vehicle  of  one  Class  may  be  required  by  the  procuring 
activity  to  meet  selected  requirements  ordinarily  specified  for  vehicles  of 
the  other  Class. 

1,3.1  Operational  or  experimental  designation.  The  letter  (0)  following 
a  Class  designation  identifies  a  vehicle  as  an  operational  vehicle  suitable  for 
operational  use;  an  experimental  vehicle  is  similarly  identified  by  (E) .  When 
no  such  differentiation  is  made  in  a  requirement,  the  requirement  shall  apply 
to  both  an  operational  and  experimental  vehicle. 

1.4  Flight  Phase  Categofi...s .  The  Flight  Phases  have  been  combined  into  three 
Categories  which  are  referred  to  in  the  requirement  statements.  These  Flight 
Phases  include  the  Flight  Phases  of  both  an  operational  and  experimental 
vehicle.  These  Flight  Phases  shall  be  considered  in  the  context  of  the  mission 

v«x  ck.li  v/x  4  vox  SiSJ  viiou  VtlCXt;  WJLII  VC  IIU 

between  successive  Phases  of  any  flij  t  and  so  that  transition  from  one  Phase 
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to  the  next  will  be  smooth.  When  no  Flight  Phase  or  Category  is  stated  in  a 
requirement,  that  requirement  shall  apply  to  all  three  Categories.  In  certain 
cases,  requirements  are  directed  at  specific  Flight  Phases  identified  in  the 
requirements.  Flight  Phases  descriptive  of  both  operational  and  experimental 
missions  of  lifting  re-entry  vehicles  during  terminal  flight  at  low  supersonic, 
transonic,  and  subsonic  speeds  in  the  lower  atmosphere  have  been  categorized 
as  follows: 

Nonterminal  Flight  Phases: 

Category  A  -  Those  nonterminal  Flight  Phases  that  require  precise  but  only 

moderate  maneuvering.  Accurate  flight-path  control  and  precise 
tracking  may  be  required.  Included  in  this  Category  are: 

a.  Air  launch 

b.  Powered  boost 

c.  High  altitude,  high  speed  cruise 

d.  Transition  (high  to  low  angles  of  attack) 

Category  B  -  Those  nonterminal  Flight  Phases  that  are  normally  accomplished 
using  gradual  maneuvers  without  precision  tracking  or  very 
accurate  flight-path  control.  Included  in  this  Category  are: 

a.  Powered  climb  (not  boost) 

b.  Coast  (unpowered) 

c.  Cruise  (low  speed) 

d.  Teiminal  area  des-cent 

Terminal  Flight  Phases 

Category  C  -  Terminal  Flight  Phases  that  require  precise  flight-path 
control  and  may  require  rapid  maneuvering.  Included  in 
this  Category  are: 

a.  Takeoff 

b.  Emergency  abort 

c.  Approach 

d.  Go- around 

e.  Landing  flare,  float,  and  touchdown 

iVhen  necessary,  recategorization  or  addition  of  Flight  Phases  or  delineation 
of  requirements  for  special  situations  will  be  accomplished  by  the  procuring 
arti vi ty. 
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1.5  Levels  of  flying  qualities,  Miere  possible,  the  I'equi remen ts  of 
section  3  have  been  stated  in  terms  of  three  values  of  the  stability  and 
control  parameters  being  specified.  Each  value  is  a  minimum  condition  to 
meet  one  of  three  Levels  of  acceptability  related  to  the  ability  of  the 
vehicle  to  complete  the  phases  of  its  mission.  The  Level  of  flying  qualities 
specified  has  meaning  only  in  the  context  of  the  vehicle  missions  and  classifi¬ 
cation,  and  whether  the  vehicle  is  to  be  considered  operational  or  experimental. 

The  Levels  are: 


Level  1  Flying  qualities  clearly  adequate  for  the  misiion 

Flight  Phase 

Level  2  Flying  qualities  adequate  to  accomplish  the  mission 

Flight  Phase,  but  some  increase  in  pilot  workload  or 
degradation  in  mission  effectiveness,  or  both,  exi^tc. 

Level  3  Flying  qualities  such  chat  the  vehicle  can  be  controlled 

safely,  but  pilot  workload  is  excessive  or  mission 
effectiveness  is  inadequate,  or  both.  All  Flight  Phases 
that  can  be  terminated  can  be  safely  terminated.  All 
Flight  Phases  that  must  be  completed  can  be  completed 
safely. 

At  the  discretion  of  the  procuring  activity.  Level  3  flying  qualities  may  not 
bs  allowed  based  on  speci<^ic  vehicle  and  mission  considerations.  This  will  be 
done  only  after  consultafon  between  the  procuring  activity  and  the  contractor. 

2.  APPLICABLE  DOCUMENTS 


2.1  The  following  documents,  of  the  issue  in  effect,  form  a  part  of  this 
specification  to  the  extent  specified  herein.  Specific  deviations  from  these 
documents,  including  any  corrections,  deletions,  and  additions,  will  be 
established  by  the  procuring  activity  as  required  to  make  them  applicable  to 
an  operational  and  experimental  lifting  re-entry  vehicle. 

SPECIFICATIONS 


MIL-F-9490  Flight  Control  Systems  -  Design,  Installation  and  Test  of, 
Piloted  Aircraft,  General  Specification  for 


MIL-C-18244  Control  a.;id  Stabilization  Systems,  Automatic,  Piloted 
Aircraft,  General  Specification  for 


MI L"F- 18372 


Flight  Control  Systems,  Design,  Installation  and  Test  of. 
Aircraft  (General  Specification  for) 


MIL-S-25015  Spin  Requirements  for  Airplanes 


MI L-W- 25140 


Weight  and  Balance  Control  Data  (for  Airplanes  and 
Rotorcraft) 
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STANDARDS 


MIL-STD-7S6  Reliability  Predictions 
SPECIAL  SPECIFICATIONS  AND  STANDARDS 


The  procuring  activity  may  find  it  necessary  to  establish  special 
specifications  and  standards  for  lifting  re-entry  s/ehicles.  When  such 
specifications  and  statidards  relate  to  flying  qualities  requirements  they 
form  a  part  of  this  specification  as  established  by  the  procuring  activity. 
The  procuiing  activity  shall  inform  the  contractor  of  any  such  special  speci¬ 
fications  and  standards  on  the  date  of  invitation  for  bids  or  request  for 
proposals . 


(Copies  of  documents  required  by  suppliers  in  connection  with  specific 
procurement  functions  should  bo  obtained  from  the  procuring  activity  or  as 
directed  by  the  contracting  officer.) 

3.  REQUIREMENTS 

3. 1  General  Requirements 

3.1.1  Missions.  The  procuring  activity  will  specify  the  missions  to  be 
considered  by  the  contractor  in  designing  the  vehicle  to  meet  the  flying 
qualities  requirements  of  this  specification.  For  an  operational  vehicle 
these  operational  missions  will  include  the  entire  spectrum  of  intended 
operational  usage.  For  an  experimental  vehicle  the  .missions  will  include 
the  entire  spectrum  of  intended  experimental  use  of  the  vehicle. 


3.1.2  Loadings .  The  contractor  shall  define  the  envelope  of  center  of 
gravity  and  corresponding  weights  that  will  exist  for  each  Flight  Phase. 

These  envelopes  shall  include  the  most  forward  and  aft  center-of-gravity 
positions  as  defined  in  MIL-W- 25140  as  amended  by  the  procuring  activity 
to  make  it  applicable  to  lifting  re-entry  vehicles.  In  addition,  the  maxi -.urn 
center-of-gravity  excursions  attainable  through  failures  in  systems  or 
components,  such  as  fuel  sequencing,  etc,,  should  be  defined  by  the  contractor 
for  each  Flight  Phase  to  be  considered  in  the  Failure  States  of  3. 1.6,2. 

Within  these  envelopes,  plus  a  growth  margin  to  be  specified  by  the  procuring 
activity,  and  for  the  excursions  cited  above,  this  specification  shall  apply. 


3.1.3  Moments  of  inertia.  The  contractor  shall  define  the  moments  of  inertia 
as.sociated  with  all  loadings  of  3.1.2.  The  requirements  of  this  specification 
shall  apply  for  all  moments  of  inertia  so  defined. 


5.1.4  External  stores.  The  requirements  of  this  specification  shall  apply 
for  ail  combinations  of  external  stores  required  by  the  operational  or  experi¬ 
mental  missions.  The  effects  of  external  stores  on  the  weight,  moments  of 
inertia,  center-of- gravity  position,  and  aerodynamic  characteristics  of  the 
vehicle  shall  be  considered  for  each  mission  Flight  Phase.  Wlien  the  stoi'es 
contain  expendable  loads,  the  requirements  of  this  specification  apply  throughout 
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the  range  of  store  loadings.  Ihc  external  stores  and  store  combinations  to 
be  consideretl  foi  fl>  Lng  qualities  design  will  be  specified  by  the  procuring 
activity.  In  establishing  external  store  combinations  to  be  investigated, 
consideration  s!.  1 1 1  be  given  to  asymmetric  as  well  as  to  symmetric  combinations. 

3.1.5  Ccn figurations.  i’he  requirements  of  this  specification  shall  apply  for 
all  configurations  requited  or  encountered  in  tlie  applicable  Flight  Phases  of 
1.4.  A  (crow-)  selet.tod  configuration  is  defined  by  the  positions  and  adjust¬ 
ment  of  the  various  ^  l-'ctors  and  controls  available  to  the  crew  such  as  SAS 
gains,  longitudinal  .md  latoial-directional  bias  of  control  surfaces,  wing 
deployment,  flap  setting,  spoiler  or  drag  brake  settings,  fixed  power  settings 
or  power  off,  and  landing  gear  position.  Control  surface  positions  shall  not 
include  the  positions  of  controls  such  as  rudder,  ailerons,  and  elevator  from 
the  bias  position.  Trim  control,  throttle  control,  and  other  selector  positions 
which  are  normally  varied  continuously  by  the  pilot  in  flying  the  vehicle  are 
not  considered  in  configuration  definition.  A  configuration  may  include  one  or 
more  SAS  gains  off.  The  selected  configurations  to  be  examined  must  be 
realistic  and  consistent  with  those  required  for  performance  and  mission 
accomplishment  and  shall  not  be  established  arbitrarily  to  meet  specific 
flying  qualities  requirements.  Additional  con^'.garations  to  be  investigated 
may  be  defined  by  the  procuring  activity. 

5.1.6  State  of  the  vehicle.  The  State  of  the  vehicle  is  defined  by  the 
selected  configuration  together  with  the  functional  status  of  each  of  the 
vehicle  components  or  systems,  fixed  po;'er  setting  or  power  off,  weight, 
mor  j  of  inertia,  center-of-gravity  position,  and  external  store  comple¬ 
ment.  The  trim  setting  and  the  positions  of  the  rudder,  aileron,  and  c-levator 
controls  are  not  included  in  the  definition  of  Vehicle  State  since  they  are 
often  .specified  in  the  requirements. 

3. 1.6.1  Vehicle  Normal  States.  The  contractor  shall  define  and  tabulate  all 
pertinent  items  to  describe  the  Vehicle  Normal  (no  component  or  system  failure) 
State(s)  associated  with  each  of  the  applicable  Flight  Phases.  Thesi  items 
shall  include  vehicle  weight,  moments  of  inertia,  center-of-gravity  position, 
power  on  or  off,  thrust  setting,  wing  deployment  position,  landing  gear  position, 
control  surface  bias,  SAS  gain  settings,  and  other  factors  specified  by  the 
procuring  activity.  Tliese  items  may  vary  continuously  over  a  range  of  values 

a  Flight  Phase.  This  continuous  variation  shall  be  replaced  by  a  limited 
number  of  values  of  the  parameter  in  question  which  will  be  treated  as  specific 
States,  and  which  include  the  most  critical  values  and  the  extremes  encountered 
during  the  Flight  Phase  in  question. 

5. 1.6.2  Vehicle  Failure  States.  The  contractor  shall  define  and  tabulate 
all  Vehicle  Failure  States  which  consist  of  Vehicle  Normal  States  modified 
by  one  or  more  malfunctions  in  vehicle  components  rx  systems,  for  example, 
a  discrepancy  between  a  selected  configuration  and  an  actual  configuration - 
Those  malfunctions  that  result  in  ce.nter-of-gravi ty  nn«;it}on5  outside  the 
center-of-gravity  -envelope  defined  in  3.1.2  shall  be  included.  Also  included 
are  failures  of  one  or  more  engines  such  as  loss  of  normal  thrust,  failure  of 
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ail  engine  to  start  or  stop  when  required  during  a  particular  Flight  Phase. 
Failures  occurring  in  any  Flight  Phase  shall  be  considered  in  all  subsequent 
Flight  Phases. 

For  an  experimental  vehicle,  the  contractor  waive  definition  of 
all  Vehicle  Failure  States.  Only  a  selected  number  of  important  failures, 
such  as  a  total  SAS  system  failure  may  be  defined  or  the  contractor  may  define 
Vehicle  Failure  States  in  some  alternate  way.  It  must  be  demonstrated  by  the 
contractor  to  the  satisfaction  of  the  procuring  activity  that  any  alternate 
simplified  procedure  will  include  all  the  important  Vehicle  Failure  States. 
Appioval  by  the  procuring  activity  is  required  before  an  alternate  procedure 
of  defining  Vehicle  Failure  States  will  be  allowed. 

3. 1.6. 2.1  Vehicle  Special  Failure  States.  Certain  components  or  combinations 
thereof,  may  have  extremely  remote  prcbability  of  failure  during  a  given  flignt. 
These  failure  probabilities  may,  in  turn,  be  very  difficult  to  predict  with 

any  degree  of  accuracy.  Special  Failure  States  of  this  type  need  not  be 
considered  in  complying  with  the  requirements  of  Section  3  if  justification 
is  submitted  to  and  approved  by  the  procuring  activity. 

3.1.7  Operational  Flight  Envelopes.  The  Operational  Flight  Envelopes  define 
the  bouTidaries  in  terms  of  certain  combinations  of  speed,  Mach  number,  altitude, 
dynamic  pressure,  load  factor,  and  angle  of  attack  at  which  the  vehicle  must 

be  capable  of  operating  in  order  to  accomplish  the  missions  of  3.1.1.  Envelopes 
for  each  applicable  Flight  Phase  shall  be  established  wi‘h  the  guidance  and 
approval  of  the  procuring  activity. 

3.1.8  Service  Flight  Envelopes.  For  each  Vehicle  .Norma)  State  the  contractor 
shall  establish,  subject  to  the  approval  of  the  procuring  activity,  Service 
Flight  Envelopes,  showing  certain  combinations  of  speed,  Mach  number,  altitude, 
dynamic  pressure,  normal  acceleration,  and  angle  of  attack  derived  from  the 
vehicle  limits  as  distinguished  from  mission  requirements.  For  each  applicable 
Flight  Phase  and  ''ehicle  Normal  State,  the  boundaries  of  the  Service  Flight 
Envelopes  can  be  coincident  with,  or  lie  outside,  the  corresponding  Oporarional 
Flight  Envelopes,  but  in  no  case  shall  they  fall  inside  these  operational 
boundaries.  In  establishing  Service  Flight  Envelopes  for  a  powered  vehicle, 
the  thrust  setting  may  vary  from  the  Normal  State  thinst.  The  Service  Flight 
Envelopes  of  an  experimental  vehicle  may  differ  from  those  of  an  operational 
vehicle  with  the  approval  of  the  procuring  activity.  The  boundaries  of  the 
Service  Flight  Envelopes  shall  be  based  on  considerations  discussed  in  3. 1.8.1, 
3. 1.8, 2.  3, 1.8.3,  and  3. 1.8.4. 

3. 1.8.1  Maximum  service  sneed.  The  .maximum  service  soeed,  V  or  M  .  for 

,  — : — ~r — : - 1 — 7  max  max 

each  altitude  is  the  lowest  of: 

a.  The  maximum  permissible  speed 

b.  A  speed  which  is  a  safe  margin  beiov/  the  speed  at  which  intolerable 
buffet,  flutter,  or  structural  vibration  is  encountered 
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c.  The  maximum  airspeed  in  a  dive  or  steep  glide  from  which  recovery 
can  he  made  at  a  safe  altitude  without  penetrating  a  safe  margin 
from  loss  of  control,  dangerous  behavior,  uncontrollable  buffet, 
and  without  exceeding  structural  limits.  For  a  powei'ed  vehicle  the 
speed  ).s  that  attained  with  maximum  power.  For  an  unpowered  vehicle 
the  recovery  altitude  is  that  from  which  a  safe  unpowered  landing 
can  be  made.  This  speed  is  subject  to  the  approval  of  the  procuring 
activity. 

d.  The  maximum  airspeed  based  on  engine  limitations. 

With  the  approval  of  the  procuring  activity,  ma.ximum  dynamic  pressure  as 
a  function  of  altitude  may  be  used  in  lieu  of  V^ax  or  Mpiax  define  maximum 
service  speed  at  each  altitude.  It  must  be  established  to  the  satisfaction 
of  the  procuring  activity  that  maximum  dynamic  pressure  will  be  less  than  the 
maximum  dynamic  pressure  determined  from  or  defined  by  a  through 

d,  or  that  maximum  service  speed  or  Mach  number  so  defined  is  not  applicable. 

3. 1.8.2  Minimum  service  speed.  The  minimum  service  speed,  or  for 

each  altitude  is  the  highest  of: 

a.  I.IV3 

b.  Vg  f  10  knots  equivalent  airspeed 

c.  The  speed  below  which  full  vehicle  nose-up  elevator  control  power 
and  trim  are  insufficient  to  maintain  straight,  steady  flight  with 
power  or  glide  flight  without  power,  whichever  is  applicable 

d.  The  lowest  speed  at  which  level  flight  can  be  maintained  with 
maximum  power 

e.  For  an  unpowered  vehicle  in  a  glide,  the  lowest  speed  from  which 
recovery  and  a  safe  unpowered  landing  can  be  made  that  meets  unpowered 
landing  requirements,  Tliis  speed  is  subject  to  the  approval  of  the 
procuring  activity. 

f.  For  an  unpowered  vehicle,  the  speed  below  which  the  equilibrium 
glide  slope  angle  is  excessive.  This  glide  slope  must  be  established 
with  the  approval  of  the  procuring  activity. 

g.  For  Category  C  Flight  Phases:  A  speed  lindted  by  reduced  forward 
field  of  view  or  extreme  nose-up  pitch  attitude  that  would  result 
in  the  tail  or  aft  fuselage  contacting  the  ground. 

h.  At  ground  level,  the  lowest  touchdown  speed  consi.'‘tent  with  the 
application  of  maximum  structural  "siap  down"  loads  On  the  “lOse 
gear. 
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With  the  approval  of  the  procuring  activity,  minimum  dynamic  pressure  as 
a  function  of  altitude  may  be  used  in  lieu  of  or  Mmin  define  minimum 
speed  at  each  altitude.  It  must  be  established  to  the  satisfaction  of  the 
procuring  activity  that  the  minimuni  dynamic  pressure  will  be  greater  than  the 
minimum  dynamic  pressure  determined  from  or  as  defined  by  a  through 

h,  or  that  minimum  service  speed  or  Mach  number  so  defined  is  not  applicable. 

3. 1.8.3  Maximum  service  altitude.  The  maximum  service  altitude,  for  a 

given  speed  is  the  lowest  of: 

a.  For  a  powered  vehicle  in  cruise  level  flight,  the  altitude  above  which 
a  rate  of  climb  larger  than  100  feet  per  minute  cannot  be  maintained 
in  unaccelerated  flight  with  maximum  power. 

b.  For  an  unpowered  vehicle,  or  a  powered  vehicle  in  unpowered  flight, 
the  altitude  above  which  the  dynamic  pressure  is  less  than  0.7  times 
the  minimum  service  speed  dynamic  pressure  when  the  minimum  service 
speed  at  altitude  i*"  defined  by  3.1. 8. 2. 

c.  A  maximum  service  altitude  will  be  defined,  based  on  vehicle  trajectory 
conditions,  below  which  the  handling  qualities  requirements  included 

in  this  specification  are  expected  to  apply.  This  altitude  will  be 
established  through  mutual  agreement  between  the  contractor  and  the 
procuring  activity.  This  altitude  will  be  used  when  the  maximum 
service  altitude  is  not  adequately  defined  as  indicated  in  a  or  b. 

3. 1.8.4  Service  load  factors.  Maximum  (minimum)  service  load  facto-*'®,  n (•'•'! 
fn{-)],  shall  be  established  as  a  function  of  speed  or  Mach  number  for  several 
significant  altitudes.  The  maximum  (minimum)  service  load  factor,  when 
trimmed  for  1  g  cos(/)  flight  at  a  particular  speed  or  Mach  number  shall  be 
defined  for  a  powered  vehicle  in  level  flight  and  an  unpowered  vehicle  in 
equilibrium  glide  flight  at  constant  indicated  airspeed.  The  maximum  (minimum) 

service  load  factor  is  the  lowest  (highest)  algebraically  of: 

« 

a.  The  positive  (negative)  structural  limit  load  factor 

b.  The  steady  load  factor  corresponding  to  the  minimum  allowable 
stall  warning  angle  of  attack  (3. 4. 2. 2. 2) 

c.  The  steady  load  factor  at  v/hich  the  eisvator  control  is  in  the  full 
vehicle-nose-up  (nose-down)  position 

d.  A  safe  margin  below  (above)  the  load  factor  at  which  intolerable 
buffet  or  structural  vibratio.i  is  encountered 

e.  The  steady  load  factor  corresponding  to  the  maxiniUm  (mini. mum)  allowable 
angle  of  attack  defined  by  other  considerations  (3. 4. 2. 2).  This 
maximum  (minimum)  angle  of  attack  is  subject  to  the  approval  of  the 
procuring  activity. 
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3.1.9  Permissible  Flight  Envelopes.  The  Permissible  Flight.  Envelopes 
encompass  all  regions  in  v;hich  operation  of  the  vehicle  is  both  allowable 
and  possible.  These  ar-.  the  boundaries  of  flight  conditions  outside  the 
Service  Flight  Envelope  which  the  vehicle  is  capable  of  safely  encountering. 
Stalls,  high  angle-of-attack  flight,  and  moderate  dives  may  be  representative 
of  permissible  flight  conditions  of  the  vehicle.  The  Permissible  Flight 
Envelopes  define  the  boundaries  of  those  areas  in  terms  of  speed,  Mach  number, 
altitude,  dynamic  pressure,  normal  acceleration,  and  angle  of  attack.  Permis¬ 
sible  flight  conditions  and  maneuvers  that  define  the  Permissible  Flight 
Envelopes  must  be  established  with  the  approval  of  the  procuring  activity. 

3 . 1 . 9 . 1  Maxim  in  permissible  speed  (minimum  permissible  angle  of  attack) . 

'file  maximum  permissible  speed  or  minimum  permi.ssible  angle  of  attack  for  each 
altitude  shall  be  the  lowest  of: 

a.  Limit  speed  based  on  structural  and  heating  considerations 

b.  Limit  speed  based  on  engine  considerations 

c.  The  speed  at  which  intolerable  buffet  or  structural  vibration  is 
encountered 

d.  For  a  powered  vehicle,  the  maximum  airspeed  at  maximum  power,  in 
a  glide  or  dive,  from  which  recovery  can  be  made  safely  without 
loss  of  control  or  other  dangerous  behavior,  intolerable  buffet  or 
structural  vibration,  and  without  exceeding  structural  limits. 

This  speed  is  suliject  to  the  approval  of  the  procuring  activity. 

e.  For  an  unpcwered  vehicle,  the  maximum  speed  from  which  recovery  and 

a  safe  unpowered  landing  can  be  made.  This  speed  is  subject  to  the 

approval  of  the  procuring  activity. 

f.  Speed  or  angle  of  attack  at  which  unsafe  stability  and  control 
characteristics  begin  to  develop. 

3. 1,9.2  Minimum  permissible  speed  (maximum  permissible  angle  of  attack) . 

The  minimum  permissible  speed  or  maximum  angle  of  attack  in  1  g  equilibrium 
level  flight  or  1  g  cos(9^)glide  flight  is  Vs  [stall  speed  (equivalent 
airspeed)]  or  defined  by  the  highest  (when  referring  to  speed)  or 

lowest  (when  referring  to  angle  of  attack)  of: 

a.  Speed  (angle  of  attack)  for  steady  straight  flight  at  the 

first  local  maximum  of  the  curve  of  lift  coefficient  vs  angle  of 
attack  which  occurs  as  is  increased  from  zero.  The  angle  of 
attack  established  for  gliding  re-entry  during  particular  Flight 
Phases  will  be  used  when  larger  than  the  angle  of  attack  for  Ci 

b.  Speed  (angle  of  attack)  at  which  abrupt  uncontrollable  pitching, 
rolling  or  yawing  occurs,  i.e.,  loss  of  control  about  any  axis 
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c.  Speed  (angle  of  attack)  at  which  intolerable  buffet  or  structural 
vibration  is  encountered. 

The  minimum  permissible  speed  may  also  be  defined  by  3. 1.9. 2  !. 

3. 1 . 9 . 2 . 1  Minimum  permissible  speed  (maximian  permissible  angle  of  attack) 
based  on  other  considerations.  For  some  lifting  re-entry  configurations, 
considerations  other  than  maximum  lift  determine  the  minimum  pennissl,  ie 
speed  or  maximum  ajigle  of  attack  in  1  g  level  flight  or  1  g  cos  7“  gliile 
flight  (e.g.,  ability  to  perform  altitude  corrections,  excessive  sink  rate 
or  steep  glide  angle,  insufficient  energy  for  a  safe  .jjipowered  approach, 
ability  to  execute  a  go-around  when  powered,  etc.).  In  such  cases,  an 
arbitrary  angle  of  attack  limit,  or  similar  minimum  speed  anci  maximum  load 
factor  limits,  shall  be  established  for  the  Permissible  Flight  hnvelope. 

Such  limits  arc  subject  to  the  approval  of  the  procuring  activity.  This 
defined  minimum  permissible  speed  or  maximum  angle  of  attack  shall  be  used 
as  V's  or  a  max  applicable  requirements. 

3.1.10  Application  of  Levels.  Levels  of  flying  qualities  as  indicated  in 
i.S  are  employed  in  this  specification  in  realization  of  the  possibility 
that  the  vehicle  may  be  required  to  operate  under  abnormal  conditions.  Such 
abnormalities  that  may  occur  as  a  result  of  either  flight  outside  the 
Operational  Flight  Envelope,  the  failure  of  vehicle  components,  or  both, 
are  permitted  to  comply  with  a  degraded  Level  of  flying  qualities  as  specified 
in  3.1.10.1  through  3,1,10.3.3. 

3.1.10.1  Requirements  for  \  chicle  Normal  States.  The  .minimum  lequir'd  flyii'g 
qualities  for  Vehicle  Noimial  States  (3. 1.6.1)  for  both  an  operational  and  an 
experimental  vehicle  are  shown  in  table  I. 


TABLE  I.  Levels  for  Vehicle  Normal  States 


Within  the  Operational 
Flight  Envelopes 

Within  the  Service 
Flight  Envelopes 

Level  1 

Level  2 

3.1.10.2  Requirements  for  Vehicle  Failure  States.  IVhen  Vehicle  Failure  States 
exist  (3, 1.6.2),  a  degradation  in  the  flying  qualities  is  permitted  only  if 
the  probability  of  encountering  a  lower  Level  than  specified  in  3.1.10.1  is 
sufficiently  small.  At  intervals  established  by  the  procuring  activity,  the 
contractor  shall  determine,  based  on  the  most  accurate  available  data,  the 
probability  of  occurrence  of  each  Vehicle  Failure  State  per  flight  and  the 
effect  of  that  Failure  State  on  the  flying  qualities  within  the  Operational 
and  Service  Flight  Envelopes.  Tliese  doterminati ons  shall  be  based  on  MIL-STD- 
756  except  that:  (a)  all  vehicle  components  and  syst-ams  are  assumed  to  be 
operating  for  a  period,  per  flight,  cq- al  to  the  largest  operational  mission 
time  to  be  considered  in  designing  the  vehicle,  and  (i>)  each  specific  failure 
is  assumed  to  be  present  at  whichever  point  in  the  fl.‘‘ght  envelope  being 
considered  is  most  critical  (in  the  flying  qualities  sense).  From  these  Failure 
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State  probabilities  and  effects,  the  contractor  shall  determine  the  overall 
probability,  per  flight,  that  one  or  more  flying  qualities  are  degraded  to 
Level  2  because  of  one  or  more  failures.  TTie  contractor  shall  also  determine 
the  probability  that  one  or  more  flying  qualities  are  degraded  to  I.evel  3. 
These  probabilities  shall  be  less  than  the  values  shown  in  table  II  except 
as  noted  below. 


TABLE  II.  Levels  for  Vehicle  Failure  States 


Probability  of 
Encountering 

Within  Operational 
Flight  Envelopes 

Within  Service 
Flight  Envelopes 

Level  2  after 
Failure 

10”^  per  flight 

Level  3  after 
Failure 

10’“^  per  flight 

10  ^  per  flight 

In  no  case  shall  a  Failure  State  (except  an  approved  Special  Failure  State) 
degrade  any  flying  qualities  outside  the  Level  3  limit. 

Tlie  probability  of  encountering  Level  2  or  Level  3  flying  qualities  as 
a  result  of  failures  shall  be  less  than  the  numbers  specified  in  table  II  with 
the  following  exceptions: 

a.  For  an  experimental  vehicle  it  may  be  impractical  or  impossible 
for  the  contractor  to  determine  the  probability  of  occurrence 
of  each  Vehicle  Failure  State.  In  lieu  of  such  determination, 
the  contractor  must  present  justification  to  and  obtain  approval 
from  the  procuring  activity  for  any  alternate  method  of  specifying 
the  degradation  in  flying  qualities  to  be  permitted  as  a  result 

of  system  failures.  One  alternate  method  might  consider  only  a 
very  limited  number  of  critical  failures  and  their  effects  on 
flying  qualities  and  simultaneously  reduce  the  probability  of 
encountering  degraded  Levels  due  to  those  limited  critical 
failures  below  the  values  in  table  II.  Another  alternate 
method  is  to  associate  degraded  Levels  with  critical  failures 
or  total  system  failures,  such  as  failure  of  the  total  SAS 
system. 

b.  Based  on  important  and  imperative  considerations  for  mission 
success  and  safety,  the  procuring  activity  may  reduce  the 
probability  of  encountering  degraded  flying  qualities  because 
of  failures  as  shown  in  table  II,  even  to  the  extent  that 
degradation  to  Level  3  is  so  improbable  that  it  is  not  allowed. 

3.1.10.2.1  Requirements  on  the  effects  of  specific  failures.  The  requirements 
on  the  effects  of  specific  types  of  failures,  e.g.,  propulsion  or  flight 
control  system,  shall  be  met  on  the  basis  that  the  specific  type  of  failure 
has  occurred,  regardless  of  its  probability  of  occurrence. 
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3.].i0.3  Exceptions 

3.1.10.3.1  Ground  operation  and  Terminal  Flight  Phases.  Some  requirements 
pertaining  to  vehicle  takeoff,  landing,  taxiing,  or  vehicle  air  launch  involve 
operation  outside  the  Operational,  Service,  and  Permissible  Flight  Envelopes, 
as  at  Vg,  operation  on  the  ground,  operation  in  the  influence  of  an  air 
launch  vehicle  flow  field,  etc.  h'hen  requirements  are  stated  at  conditions 
such  as  these,  the  Levels  shall  be  applied  as  if  the  conditions  were  in  the 
Operational  Flight  Envelope. 

3.1.10.3.2  Wlien  Levels  are  not  specified.  Within  the  Operational  and  Service 
Flight  Envelopes,  all  requirements  that  are  not  identified  with  specific 
Levels  shall  be  met  under  all  conditions  of  component  and  sys'  m  failure 
except  approved  Vehicle  Special  Failure  States  (3. 1.6.2. 1). 

3.1.10.3.3  Flight  outside  the  Service  Flight  Envelope.  From  all  points  in 
the  Permissible  Flight  Envelope,  it  shall  be' possible  to  return  the  vehicle 
readily  and  safely  to  the  Service  Flight  Envelope  without  exceptional  pilot 
skill  or  technique,  regardless  of  component  or  system  failures.  Stalls, 
rapid  sink  rate  or  steep  glide  angle  large  angles  of  attack,  and  moderate 
dives  are  examples  of  Permissible  Flight  Envelope  flight  conditions  from 
which  recovery  to  the  Service  Flight  Envelope  will  be  required.  Tlie 
requirements  on  stall,  dive  characteristics,  dive  recovery  devices,  and 
approach  to  dangerous  flight  conditions  shall  also  apply.  Additional  flight 
conditions  in  the  Permissible  Flight  Envelof  •»  from  which  recovery  to  the 
Service  Flight  Envelope  will  be  required  may  oe  established  by  the  procuring 
activity. 

3 . 2  Longitudinal  flying  qualities 

3.2.1  Longitudinal  stability  with  respect  to  speed. 

3.2. 1.1  Longitudinal  trim  stability.  For  Levels  1  and  2,  there  shall  be  no 
tendency  for  primary  flight  control  variables  (airspeed,  dynamic  pressure, 
or  angle  of  attack)  to  diverge  aperiodically  when  the  vehicle  is  disturbed 
from  trim  with  the  cockpit  controls  fixed  and  with  them  free.  In  straight 
and  level  cruise  flight  equivalent  airspeed,  and  in  terminal  gliding  flight, 
indicated  airspeed  will  be  considered  as  primary  flight  variables.  For  those 
Flight  Phases  where  the  pilot  is  required  to  fly  dynamic  pressure  or  angle 

of  attack  in  gliding  flight,  either  of  these  may  be  used  in  lieu  of  airspeed 
as  the  primary  flight  variable.  This  requirement  will  be  considered  satisfied 
if  the  variation  of  elevator  cockpit  control  force  and  elevator  cockpit 
control  position  with  the  primary  flight  variable  (airspeed,  dynamic  pressure, 
or  angle  of  attack)  are  smooth  and  the  local  gradients  stable  with: 

a.  Elevator,  rudder,  and  aileron  control  surface  bias  fixed 

at  the  positions  applicable  for  the  particular  Flight  Phase. 

b.  SAS  gains  applicable  to  the  particular  Flight  Phase. 
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c.  Trimmer  and  throttle  controls  not  moved  from  trim  settings. 

d.  i  g  cos  ftf')  normal  acceleration  to  the  flight  path. 

The  requirements  shall  cover  a  range  about  trim  of  ll.'".  percent  of  the  flight 
variable  except  where  limited  by  the  boundaries  of  the  Service  Flight  Envelope. 
When  airspeed  is  the  flighl  variable,  ±50  knots  in  equivalent  or  indicated 
airspeed  about  trim,  whichever  is  applicable,  will  be  used  in  place  of  ±15 
percent  of  the  flight  variable.  Stable  gradients  mean  increasing  pull  forces 
and  aft  motions  of  the  elevator  control  to  maintain  slower  airspeeds,  lower 
dynamic  pressure,  or  larger  angle  of  attack  and  the  opposite  to  maintain 
faster  airspeed,  higher  dynamic  pressure,  and  smaller  angles  of  attack. 

For  Level  3,  an  aperiodic  divergence  of  speed,  dynamic  pressure,  or  angle 
of  attack  from  equilibrium  trim  is  acceptable  if  the  time  to  double  amplitude 
is  greater  than  60  seconds.  In  all  cases  the  term  gradient  does  not  include 
that  portion  of  the  control  force  or  control  position  versus  the  primary 
flight  variable  within  the  preload  breakout  force  or  friction  range  and  that 
portion  of  trim  which  is  provided  automatically  and  is  not  reflected  in 
cockpit  elevator  control  forces  or  motion. 

3. 2. 1.1.1  Relaxation  in  transonic  flight.  The  requirements  of  3( 2.1.1  may 
be  relaxed  in  the  transonic  speed  range  provided  any  divergent  vehicle  motions 
or  reversals  in  slope  of  elevator  control  force  and  elevator  control  position 
with  speed,  dynamic  pressure,  or  angk^  '^f  attack,  whichever  is  applicable  for 
the  particular  Flight  Phase,  is  gradual  aid  not  objectionable  to  the  pilot. 

In  no  case,  however,  shall  the  requirements  of  3,2. 1.1  be  relaxed  more  than 
the  following: 

a.  Levels  1  and  2  -  For  center-stick  controllers,  no  local  force 
gradient  shall  be  more  unstable  than  3  pounds  per  O.OIM 

nor  shall  the  force  change  exceed  10  poimds  in  the  unstable 
direction.  The  corresponding  limits  tor  wheel  controllers  are 
5  pounds  per  O.OIM  and  15  pounds,  respectively. 

b.  Level  3  -  For  center-stick  controllers,  no  local  force  gradient 
shall  be  more  unstable  than  6  pouj.ds  per  O.OIM  nor  shall  the 
force  ever  exceed  20  pounds  in  the  unstable  direction.  The 
corresponding  limits  for  wheel  controllers  are  10  pounds  per 
O.OIM  and  30  pounds,  respectively. 

In  applying  these  requirements  to  a  vehicle  flying  in  unpowered  transonic 
glide  flight,  the  vehicle  shall  be  initially  trimmed  to  glide  at  constant 
indicated  airspeed,  dynamic  pre.ssure,  or  angle  of  attack,  whichever  is 
applicable  as  the  flight  variable  for  a  particular  Flight  Phase. 

This  relaxation  does  not  apply  to  Level  1  requirements  for  any  Flight 
Phases  which  require  prolonged  transonic  operation,  or  when  the  transonic 
range  covers  a  significant  Mach  nunfcer  increment  for  Class  III(O)  and  Class 
IV(0)  vehicles.  This  relaxation  may  still  apply  to  Level  1  for  Class  III 
(E)  and  Class  IV  (E)  even  though  transonic  operation  is  somewhat  prolonged 
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if  justification  is  provided  to  and  approval  is  obtained  from  the  procuring 
activity.  In  this  case  "prolonged  transonic  opei'ati on";  and  "significant 
Mach  number  increment"  will  be  defined  by  the  procuring  activity. 

3 . 2 . 1 . 1 . 2  l:le”ator  control  force  variations  during  rapid  speed  or  Mach 
number  changes.  When  the  vehicle  is  accelerated  and  decelerated  rapidly 
through  the  operational  speed,  dynamic  pressure,  or  angle  of  attack  range 
and  through  the  transonic  speed  or  Mach  number  range  by  the  most  critical 
com'j; nation  of  changes  in  power,  actuation  of  deceleration  devices,  during 

gliding  and  climbing  turns,  puliups,  and  landing  flares,  the  magnitude 
and  rate  of  the  associated  trim  change  shall  not  be  so  great  as  to  cause 
difficulty  in  maintaining  the  desired  load  factor  by  normal  piloting  techrdque. 

3.2.1.1.3  Elevator  control  force  variations  during  angle  of  attack 
transitions.  For  those  Flight  Phases  involving  largo  angle  of  attack 

ransitions  over  short  periods  of  time,  the  requirements  of  3.2. 1.1  do  not 
apply.  During  such  transitions  it  is  only  required  that  the  transition  can 
be  performed  smoothly  and  the  rate  and  magnitude  of  associated  trim  change 
shall  not  be  so  great  as  to  cause  difficulty  in  adequately  controlling  the 
angle  of  attack  transition.  Push  forces  of  less  than  50  po'jnds  shall  be 
required  for  a  transition  from  zero  stick  force  trim  at  high  angles  of  attack 
to  maintain  trim  at  low  angles  of  attack  after  transition.  A  pull  force  of 
less  than  35  pounds  shall  be  required  for  angle  of  attack  transition  fr*cm 
trim  at  low  angle  of  attack  to  high  angle  of  attack.  These  forces  shall 
apply  to  both  stick  and  vdieel  controllers. 

3.2. 1.2  Phugoid  stability.  The  long-period  airspaed  oscillations  which 
occur  when  the  vehicle  seeks  a  stabilized  airspeed  following  a  disturbance 
shall  meet  the  requirements  in  table  HI,  Tliese  requirements  apply  with  the 
elevator  control  free  and  also  with  it  fixed.  Tlsey  need  not  be  met  tran- 
sonically  in  cases  where  3.2.1.i.l  permits  relaxation  of  the  longitudinal 
trim  requirements  with  airspeed. 


TABLE  III.  Phugoid  Stability 


Class  III 
and 

Class  IV 

Level  1 

V,.  =  .04 

Level  2 

=  C 

Level  3 

^  55  sec 

3.2. 1.3  Flight-path  stability.  Flight-path  stability  is  defined  in  terms 

of  flight-path  angle  change  where  the  airspeed  is  changed  by  the  use  of  the 

elevator  control  only  (throttle  setting  not  changed  by  the  crew).  For  the 

landing  approach  Flight  Phase  of  the  vehicle  with  power,  the  flight  path 

angle  versus  true  airsoeed  shall  have  a  local  slope  at  Vn  .  which  is  negative 
1  .  .  ,  -  min 

or  less  positive  then: 
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a. 

Level  1  - 

0.06  degrees/knot 

b. 

Level  2  - 

0.15  degrees/knot 

c. 

Level  3  - 

0.24  degrees/knot 

Ihe  thrust  setting  shall  be  that  required  for  normal  approach  glide  at 

The  slope  of  the  flight-path  angle  vcrsas  airspeed  curve  at  5  knots  slower 

than  V^min  shall  not  be  more  than  0.C5  degrees  per  knot  mo^'e  positive  than 

the  slope  a:  V©  .  ,  as  illustrated  by: 

‘'min 


Fo.*  the  landing  approach  Flight  Phase  of  an  unpowered  vehicle,  the 
flight-pav.!:  angle  versus  indicated  airspeed  shall  have  a  negative  local  slope 
at  all  speeds  greater  than  the  vehicle's  operational  touchdown  speed  (V^  .  ) 
minus  5  knots. 

3.2.2  Longitudinal  maneuvering  characteristics. 

3. 2. 2,1  Short-period  response.  The  short-period  response  of  angle  of  attack 
which  occurs  at  approximately  constant  velocity,  and  which  may  be  produced  by 
abrupt  control  inputs,  shall  meet  the  requirements  of  3.2.2. 1.1  and  3. 2. 2. 1,2. 
These  requirements  apply  with  the  cockpit  control  free  and  with  it  fixed, 
for  responses  of  any  magnitude  that  might  be  experienced  in  service  use.  If 
oscillations  are  nonlinear  with  amplitude,  the  requirements  shall  apply  to 
each  cycle  of  the  oscillation.  In  addition  to  meeting  the  numerical  require¬ 
ments  of  3. 2. 2. 1.1  and  3. 2. 2. 1.2,  the  contractor  shall  :,how  that  Class  HI  (0) 
and  IV  (0)  have  acceptable  response  characteristics  in  atmospheric  disturbances 


Class  III  (E)  and  IV  (H)  vehicles  can  be  designed  for  acceptable  response 
characteristics  with  a  lower  rms  level  of  atmospheric  disturbances  as 
suggested  in  section  .3.7  with  the  approval  of  the  procuiing  activity. 

3. 2. 2. 1.1  Short-period  frequency  and  acceleration  sensitivity.  The  short- 

period  undamped  natural  frequency,  t  shall  be  within  the  limits  shown 

in  figures  1  and  2.  Lower  limits  on  (wAO  may  be  relaxed  for  Category  C 
Flight  Phases  if  adequate  justification  can  be  presented  to,  and  approval 
is  obtained  from,  the  procuring  activity.  If  suitable  means  of  directly 
controlling  normal  force  are  provided,  the  lower  bounds  on  both  and  v/cC’ 

during  Category  C  Flight  Phases  may  he  relaxed. 

For  unpowered  landings  of  Class  III  vehicles,  it  must  be  established  by 
the  contractor,  to  the  satisfaction  of  the  procuring  activity,  that  the 
ininim’om  short-period  undamped  frequencies  allowed  by  figure  2  at  low  n/oC'  's 
are  adequate  for  performing  acceptable  landing  flares  and  floats  to  touchdown. 
When  the  frequencies  are  toe  low  they  must  be  raised  to  acceptable  levels 
or  other  means  of  acceptable  control  must  be  provided  and  justified  to  the 
satisfaction  of  the  procuring  activity. 

3. 2. 2. 1.2  Short-period  damping.  The  short-period  damping  ratio,  ,  shall 
be  within  the  limits  of  table  IV, 

TABLE  IV,  Short-Peried  Damping  Ratio  Limits 


- - ■  .  .  - - 

Category  C 

Categories  A  5  B 

Class 

Level 

min 

max 

min 

max 

111(0) 

1 

0.35 

1.30 

0.30 

2.00 

5 

2 

0.25 

2.0 

0.20 

2.00 

IV(0) 

3 

0.15" 

— 

0.1.'^* 

-- 

III(E) 

1 

0.55 

1.30 

0.18 

2.00 

§ 

2 

0,20 

2.0 

0.07 

2.00 

rv(E) 

3 

0.05 

-- 

0.03 

... 

*May  be  reduced  at  altitudes  above  20,000  feet  if  approved  by  the 
procuring  activity. 

Maximum  short-period  damping  for  Categoiy  C  Flight  Phases  may  be  relaxed 

if  justification  is  presented  "o,  and  approval  is  obtained  from,  the  procuring 

cjlivity. 
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A/  RAD/SEC 


n/flf  /v>  gVRAD 


Figure  1  SHORT  PERIOD  FREQUENCY  REQUIREMENTS  -  CLASS HC 
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^  RAD/SEC 


Figure  2  SHORT-PERIOD  FREQUENCY  REQUIREMENTS  -  CLASS M 
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3,2.2. 1.3  Residual  oscillations.  With  the  flight  control  system  gains 
required  to  meet  the  handling  qualities  requirements  of  this  specification, 
any  sustained  residual  oscillations  due  to  limit  cycle,  structural  resonance, 
etc.,  shall  not  interfere  with  the  pilot's  ability  to  perform  the  tasks 
required  during  the  various  Flight  Phases  of  the  vehicle.  Oscillations  in 
normal  acceleration  at  the  pilot's  station  greater  than  lO.OSg  will  be 
considered  excessive  for  any  Flight  Phase. 

3. 2. 2. 2  Control  feel  and  control  motion  in  maneuvering  flight.  In  steady 
turning  flight  and  in  pullups  at  constant  speed,  increasing  pull  forces  and 
aft  motion  of  the  elevator  control  are  required  to  maintain  increases  in 
normal  acceleration  throughout  the  range  of  service  load  factors  defined  in 
3. 1.8.4.  Increases  in  push  force  and  forward  cockpit  control  motion  are 
required  to  maintain  reductions  for  normal  acceleration  in  pushovers. 

3. 2. 2. 2.1  Control  forces  in  maneuvering  flight.  At  constant  speed  in  steady 
turning  flight,  pullups,  pushovers,  with  power,  and  in  steady  gliding  turns 
without  power  at  constant  indicated  airspeed,  the  variations  in  elevator 
control  force  with  steady-state  normal  acceleration  shall  be  approximately 
linear.  In  general,  a  departux'e  from  linearity  resulting  in  a  local  gradient 
which  differs  from  the  average  gradient  for  the  maneuver  by  more  than  50 
percent  is  considered  excessive.  All  local  force  gradients  shall  be  within 
the  limits  of  table  V.  In  addition,  whenever  the  short-period  frequency  is 
near  the  upper  boundary  of  frequency,  should  be  near  the  Level  1  upper 
boundaries  of  table  V.  This  may  be  necessary  to  avoid  abrupt  response, 
sensitivity,  or  tendency  toward  pilot-induced  oscillations.  The  term 
gradient  does  not  include  :tiat  portion  of  the  force  versus  r?  curve  within 
the  preloaded  breakout  force  or  friction  band. 

3. 2. 2. 2. 2  Control  motions  in  maneuvering  flight.  The  elevator  control  motions 
in  maneuvering  flight  shall  not  be  so  large  or  so  small  as  to  be  objectionable. 
For  Category  C  Flight  Phases  of  unpowered  vehicles,  the  average  gradient  of 
elevator  control  force  per  inch  of  elevator  control  deflection  at  constant 
speed  shall  not  be  less  than  5  pounds  per  inch  for  Levels  1  and  2. 

3. 2. 2. 3  Longitudinal  pilot-induced  oscillations.  There  shall  be  no  tendency 
for  pilot-induced  oscillations,  that  is,  sustained  or  uncontrollable  oscilla¬ 
tions  resulting  from  the  effects  of  the  pilot  to  control  the  vehicle.  Tliese 
requirements  shall  be  met  with  the  SAS  gains  that  are  necessary  to  meet  the 
requirements  of  this  specification.  The  requirements  shall  be  met  whether 
the  oscillations  are  caused  by  short-period  dynamics,  feel-system  dynamics, 
control -system  dynamics,  friction,  freeplay,  hysteresis,  bobweights,  aero- 
elastic  coupling,  or  any  other  characteristics  or  combinations  of  these 
factors  for  the  complete  vehicle. 


TABLE  V.  Elevator  Maneuvering  Force  Gradient  Limits 


Wheel  Controllers 


Level 

Maximum  Gradient 

Minimum  Gradient 

1 

500/(;7/<v) 
but  not  less  than 

120/ -1) 

The  higher  of  45/(7?^  -1) 
and  6.0 

2 

775/ 

but  not  less  than 

132/ (77^  -1) 

The  higher  of  38/(7^-!) 
and 

3 

240.  C 

but  not  less  than 

775/(77/ot) 

6.0 

3.2,2,  "^.1  Transient  control  forces  The  peak  elevator-control  forces 
developt.i  during  abrupt  maneuvers  shall  not  be  objectionably  light,  and  the 
buildup  (f  control  force  during  the  maneuver  entry  shall  lead  the  buildup  of 
normal  acceleration.  Specifically,  the  following  requirement  shall  be  met 
when  the  elevator  control  is  pumped  sinusoidally.  For  all  input  frequencies, 
the  ratio  of  peak  force  amplitude  to  the  peak  normal  load  factor  amplitude 
at  tho  c.g,,  measure',  from  the  steady  oscillation,  shall  be  greater  than: 

Center-Stick  Controllers  3.0  pounds  per  g 

Wheel  Co  *  oilers  6.0  pounds  per  g 

3.2.3  Longitudinal  control. 

3. 2. 3.1  Longitudinal  control  in  unaccelerated  flight.  In  all  unaccelerated 
flight  within  the  Service  Flight  Envelope,  the  attainment  of  all  speeds  shall 
not  bo  limited  by  the  effectiveness  of  the  longitudinal  control  or  controls, 

3. 2. 3. 2  Longitudinal  control  in  maneuvering  flight.  Within  the  Operational 
Flight  Envelope  it  shall  be  possible  to  develop,  by  use  of  elevator  control 
alone,  the  maximum  and  minimum  operational  lead  factors.  These  requirements 
shall  apply  for  Level  1  and  Level  2.  For  Level  3  some  relaxation  will  be 
allowed.  Requirements  for  Level  3  will  be  established  by  mutual  agreement 
between  the  contractor  and  procuring  activity.  This  maneuvering  capability 

is  required  at  1  g  trim  speed  in  level  flight,  with  trim  and  throttle  settings 
not  changed  by  the  crew,  over  a  range  about  trim  speed  of  ±15  percent  or  +50 
knots  equivalent  airspeed  (except  where  limited  by  the  boundaries  of  the 
Operationa’  Flight  Envelope).  For  an  unpewered  vehicle,  the  maneuvering 
capability  is  required  in  1  g  cosO'jglide  Ught. 

3. 2.  3.  3  Longitudinal  control  in  takeoff.  The  effective.ness  of  the  elevator 
control  shall  not  restrict  the  takeoff  performance  of  the  vehicle  and  shall 
be  sufficient  to  prevent  overrotation  to  undesirable  attitudes  during  takeoff. 
Satisfactory  takeoffs  shall  not  be  dependent  upon  use  of  the  cockpit  trimmer 
control  during  takeoff  or  on  complicated  control  manipulation  by  the  pilot. 

For  nose  wheel  vehicles  it  shall  be  possible  to  obtain,  at  0.9  V  .  ,  the  pitch 
attitude  which  will  result  in  takeoff  at  These  requirements  shall  be 

met  on  hard  surface  runways. 

3. 2. 3. 3.1  Longitudinal  control  during  air  launch.  The  speed  and  altitude 
conditions  for  air  launch  shall  be  established  by  the  contractor  with  the 
approval  of  the  procuring  activity.  During  air  lavjnch,  while  the  vehicle  is 
under  the  influence  of  the  flow  field  of  the  carrier  aircraft,  the  vehicle 
elevator  control  effectiveness  shall  not  restrict  the  launch  performance  of 
the  vehicle  and  shall  be  sufficient  to  prevent  contact  with  the  carrier 
aircraft  by  a  safe  margin.  Elevator  control  shall  be  adequate  to  preclude 
severe  and  unacceptable  dynamic  oscillations  or  overrotation  to  extreme 
nose- up  or  nose-down  atti'udcS.  Subsequent  to  launch,  with  the  vehicle 
trimmed  for  launch,  lorgifjdinal  control  shall  be  sufficient  to  obtain 
required  normal  accel'.r ’"ions  for  satisfactory  separation  and  to  limit  launch 
transient  normal  accel.': rations  to  satisfactory'  levels. 
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3. 2, 3. 3. 2  Longitudinal  control  force  and  travel  in  takeoff  and  during  air 
launch.  With  the  trim  setting  optional  but  ^ixed,  the  elevator-control  forces 
required  during  takeoffs  and  air  launches  for  which  the  vehicle  is  designed, 
shall  be  within  the  following  limits: 

Class  IV  -  30  pounds  pull  to  10  pounds  push 

Class  III  -  50  pounds  pull  to  20  pounds  push 

The  elevator-control  travel  during  takeoffs  or  air  launches  shall  not  exceed 
75  percent  of  the  total  travel,  stop  to  stop.  The  term  takeoff  includes  the 
ground  run,  rotation  and  lift-off,  the  ensuing  acceleration  to  (TO),  and 

transient  caused  by  assist  cessation.  Takeoff  power  shall  be  maintained  until 
V  (TO)  is  reached,  with  the  landing  gear  and  high- lift  devices  retracted  in 
tlil^normal  manner  at  speeds  from  V  (TO)  to  V  (TO). 

min 

3.2.3«4  Longitudinal  control  in  landing.  Por  powereu  landings,  the  elevator 
control  shall  be  sufficiently  effective  in  the  landing  Flight  Phase  in  close 
proximity  to  the  ground  that: 

a.  The  geometric  limited  touchdown  attitude  can  be  maintained  in  level  flight, 
or 

b.  the  lower  of  Vg(L)  or  the  guaranteed  landing  speed  can  be  obtained. 

For  unpowered  landings,  the  vehicle  speed  and  elevator  control  effectiveness 
shall  be  sufficient  in  the  landing  Flight  Phase  in  close  proximity  to  the  ground 
such  that  a  trim  incremental  load  factor  of  at  least  0.5  can  be  attained  at  all 
equilibrium  glide  speeds  down  to  minimum  touchdown  speed  as  defined  in  3. 2. 3. 4. 2 
without  exceeding  stall  or  the  geometry  limited  touclidown  attitude. 

These  requirements  shall  be  met  with  the  vehicle  trim,  control 
surface  bias,  longitudinal  force  control  devices,  and  SAS  gains  set  for  the 
approach  Flight  Phase,  at  the  required  approach  speed  for  the  landing  Flight 
Phase,  prior  to  flare  initiation.  The  requirements  of  3. 2. 3. 4  and  3. 2. 3. 4.1 
define  Levels  1  and  2.  For  Level  3,  it  shall  be  possible  to  execute  safe 
approaches  and  landings  in  the  presence  of  atmospheric  disturbances  and  cross- 
winds  that  are  applicable  to  the  vehicle  as  defined  in  this  specification  or 
by  the  procuring  activity. 

5. 2. 3. 4.1  Longitudinal  control  forces  in  landing.  The  elevator  control  forces 
required  to  meet  the  requirements  of  3. 2. 3. 4  and  3. 2. 3. 4. 2  shall  be  pull  forces 
and  shall  not  exceed  the  following  limits  when  the  vehicle  is  trimmed  for  glide 
at  the  preflare  appioach  speed.  " 

Class  IV  -  55  pounds 

Class  ill  -  50  pounds 
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When  flaps,  landing  gv,ar,  spoilers,  oi  other  lift  or  drag  modulating  devices 
are  deployed  or  changed  during  ‘he  flare  and  float  of  an  unpowered  landing, 
the  trim  force  change  due  to  deployment  in  any  sequence,  including  simultaneous 
deployment  of  two  ;>r  more  devices,  shall  not  exceed  the  following  limits: 

Class  I'.  "  S  pounds  push  or  pull 

Class  (II  -  10  pounds  push  or  pull 

3. 2. 3. 4. 2  Power-off  and  unpowered  longitudinal  control  requirements  in 
landing.  For  power-off  landings,  when  such  are  required,  and  the  landing  of 
unpowered  vehicles,  certain  additional  flare  and  float  requirements  shall  be 
met.  For  purposes  of  this  specification  the  flare  will  be  initiated  from 
equilibrium  glide  flight  below  an  altitude  of  2000  feet  above  ground  level 
with  an  initial  incremental  load  factor  exceeding  0.1.  The  flare  will  be 
completed  and  the  float  initiated  below  50  feet  with  a  sink  rate  not  exceeding 
5  feet  per  second.  The  float  will  be  considered  completed  as  touchdown  when 
any  part  of  the  landing  gear  contacts  the  surface.  The  flare  altitude  versus 
flare  time  shall  be  within  the  boundaries  of  figure  3.  These  requirements  are 
for  Class  iy(E)  and  IIl(E)  vehicles.  For  Class  III(O)  and  IV(0)  vehicles,  the 
requirements  will  be  established  by  the  procuring  activity  after  consultation 
with  the  contractor. 

Minimum  and  maximum  float  time  requirements  are  indicated  in  table 
VI  and  will  apply  to  all  Classes. 

TABLE  VI.  Minimum  and  Maximum  Float  Time 


These  flare  and  float  requirements  for  unpowered  landings  must  be  met  with  the 
flight-path  stability  requirements  of  3.2. 1.3  and  the  longitudinal  control  re¬ 
quirements  of  3. 2. 3.4  for  unpowered  landings. 


Figure  3  FLARE  ALTITUDE  AND  FLARE  TIME  FOR  UNPOWERED  LANDINGS 
(CLASSES  HI  (E)  AND  IZ  (E)) 


5. 2. 3. 4. 3  Elevator  lift  aid  longitudinal  control  ir.  landing.  Any  adverse 
effects  of  elevator  lift  with  pitch  atti ♦•ode  changes  must  be  sufficicr  cly  small 
so  that  they  do  not  interfere  significantly  with  the  pilot's  ability  to  make 
altitude  and  flight-path  corrections  during  the  approach,  flare,  and  landing 
cf  pov/ered  and  unpowersd  lifting  re-entry  vehicles. 

3 . 2 . 3 . 5  Longitudinal  control  forces  in  dives  -  Service  F- light  Envelope. 

With  ft  powered  vehicle  trimmed  for  level  flight,  and  an  unpowered  vehicle 
trimmed  for  glide  flight  within  the  Service  Flight  Envelope,  the  elevator 
control  forces  in  dives  to  all  attainable  speeds  within  the  Service  F-Tight 
Envelope  shall  not  exceed  50  pounds  push  or  10  pounds  pull  for  ‘vehioleH  with 
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center-stick  controllers,  nor  75  pounds  push  or  IS  pounds  pull  for  vehicles 
with  wheel  controllers.  In  similar  dives,  but  with  trim  optional  following 
the  dive  entry,  it  shall  be  possible  with  normal  piloting  techniques  to  main¬ 
tain  the  forces  within  the  limits  of  10  pounds  push  or  pull  for  vehicles  with 
center-stick  controllers,  and  20  pounds  push  or  pull  for  vehicles  with  wheel 
controllers.  The  forces  required  for  recovery  from  these  dives  shall  be  in 
accordance  with  the  gradients  specified  in  3. 2. 2.2.1,  although  speed  may 
vary  during  the  pullout. 

3. 2. 3. 6  Longitudinal  control  forces  in  dives  -  Permissible  Flight 
Envelope.  With  a  powered  vehicle  trimmed  for  level  flight  and  an  un¬ 
powered  vehicle  trimmed  for  steady  gliding  flight,  with  trim  optional  in 
the  dive,  it  shall  be  possible  to  maintain  the  elevator  confol  force  within 
the  limits  of  50  pounds  push  or  35  pounds  pull  in  dives  to  all  attainable 
speeds  within  the  Permissible  Flight  Envelope.  The  force  required  for 
recovery  from  these  dives  shall  not  exceed  120  pounds.  Trim  and  deceleration 
devices,  etc.,  may  be  used  to  assist  in  recovery  if  no  unusual  pilot  technique 
is  required. 

3. 2. 3. 7  Longitudinal  control  in  sideslips.  With  the  vehicle  trimmed  with 
zero  sideslip  for  straight  and  level  powered  flight  or  for  unpowered 
equilibrium  glide  flight,  the  elevator- control  force  required  to  maintain 
constant  indicated  airspeed  in  steady  sideslip,  with  up  to  50  pounds  of  rudder 
pedal  force  in  either  direction,  shall  not  exceed  t.ie  elevator- control  force 
that  would  result  in  a  1  g  change  in  normal  acceleration.  In  no  case, 
however  shall  the  elevator- control  force  exceed: 

Center-stick  controllers  -  10  pounds  pull  to  3  pounds  push 

Wheel  controllers  -  15  pounds  pull  to  10  pounds  push 

If  so  pounds  of  pedal  force  result  in  a  sideslip  angle  that  exceeds  lateral- 
directional  sideslip  requirements  specified  elsewhere,  the  same  elevator- 
control  forces  shall  apply  at  the  maximum  allowable  sideslip  angle.  If  a 
variation  of  elevator- control  forces  with  sideslip  does  exist,  it  is  preferred 
that  increasing  pull  force  accompany  increasing  sideslip,  and  that  the  mag¬ 
nitude  and  direction  of  the  force  change  be  similar  for  right  and  left  side¬ 
slips.  These  requirements  define  Levels  1  and  2.  For  Level  3,  there 
should  he  no  uncontrollable  pitching  motions  associated  with  the  sideslips. 


3 , .3  Lateral-directional  flying  qualities. 

3.3.1  Lateral-directional  mode  characteristics . 


3.3. 1.1  Lateral-dii^ctional  oscillatioiis  (Dutch  roll).  The  frequency ,  , 

and  damping  ratio,  ^  ,  of  the  lateral-directional  oscillations  following  *a 

rudder  disturbance  input,  shall  exceed  the  minimum  requirements  in  table  VII. 
The  requirements  shall  be  met  with  cockpit  controls  fixed  and  with  them  free, 
in  oscillations  of  any  magnitude  that  might  be  experienced  in  operational  use. 
If  tne  o.scillation  is  nonlinear  with  amplitude  or  time,  the  requirements  shall 
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apply  to  each  cycle  of  the  oscillation.  Residual  os>  i i ial iciiS  may  be  tolerated 
only  if  the  amplitude  is  sufficiently  small  that  the  motions  are  not  objection¬ 
able  and  do  not  impair  mission  performance. 


VII.  Minimuiii  Dutch  Roll  i- recjiienc)'  aiitl  l)ain})iiij- 


Level 

I- light  Phase 

Class 

M 1  n  X  " 

O 

Min  ' 

Min 

o 

Category 

! ad/so  ' 

rad/sec 

A  5  C 

111 

0.08 

0.15 

0.4** 

1 

ACC 

IV 

0.08 

0.  15 

1  .0 

B 

Both 

0.08 

0.  15 

0.4** 

2 

All 

Both 

0.0? 

0.05 

0 . 4  “  * 

3 

All 

Both 

0.02 

0.4** 

The  governing  damping  requirement  is  that  yielding  the  larger 
value  of 

**  Class  III  vehicles  may  be  excepted  from  the  minimum  require¬ 

ments,  subject  to  approval  by  the  procuring  activity,  if  the  re¬ 
quirements  of  3.3.2  through  3. 5. 2. 4.1,  3.3.5  and  3. 3. 9. 4  are 
met. 

When  /  0/^1^  is  greater  than  20  (rad/sec) the 
minimum  shall  be  increased  above  the  minimums 

listed  above  by; 

Level  1  -  -20) 

Level  2  -  =  •  009(4)^^  /  (^/^/^  -20) 

Level  3  -  4  =  -005(4^  \0/(Sls 

with  in  rad/sec. 

"a 

3.3.1.i.l  Directional  control  margin.  Itfhen  automatic  stabilization  devices 
are  used  to  overcome  an  aperiodic  instability  of  the  basic  vehicle  both  the 
magnitude  of  the  in.<tability  and  the  rudder  control  power  shall  be  such  that 
sufficient  control  moment  can  be  commanded  by  the  pilot  in  the  critical  direc¬ 
tion  through  the  use  of  the  cockpit  controls.  Rudder  control  shall  be  suffi¬ 
ciently  effective  to  balance  the  vehicle  in  yaw  at  all  sideslip  angles  in  the 
atmospheric  disturbances  of  3.7.3  and  3.7.4  for  the  operational  vehicle  and  in 
a  reduced  level  of  atmospheric  disturbances  that  will  be  specified  by  the  pro¬ 
curing  activity  for  the  experimental  vehicle. 

3.3. 1.2  Roll  mode.  The  roll  mode  shall  be  stable  and  the  time  constant  Z  , 
shall  be  no  greater  than  the  appropriate  values  in  table  VIII. 
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TABLE  VTII.  Maximum  Roll  Mode  Time  Constant 


Class 

Flight  Phase 

Category 

l.evc-1  1 

Level  2 

Level  3 

III-O 

All 

1.4  sec 

3.0  sec 

10  sec 

IV-0 

A  5  C 

1.0  see 

1.4  sec 

10  sec 

B 

1.4  sec 

3.0  sec 

10  sec 

III- E  S 

IV- E 

All 

2.0  sec 

5.0  sec 

oo 

3.3, 1.3  Spiral  stability.  The  combined  effects  of  spiral  stability,  flight- 
control-system  characteristics ,  and  trim  change  with  speed  shall  be  such  that 
following  a  disturbance  in  bank  of  up  to  20  degrees,  the  time  for  the  bank  angle 
to  double  will  be  greater  than  the  values  in  table  IX.  This  requirement  shall 
be  met  with  the  vehicle  trimmed  for  wings-level,  zero-yaw-rate  flight  with  the 
cockpit  controls  free. 


TABLE  IX.  Spiral  Stability  -  Minimum  Time  to  Double  Amplitude 


Class 

Flight  Phase 

Category 

Level  1 

Level  2 

Level  3 

IJ.I-0  s 

IV-0 

All 

20  sec 

12  sec 

4  sec 

III- E  § 

IV- E 

All 

12  sec 

-  -  -  -  - 

8  sec 

4  sec 

3.3. 1.4  Coupled  roll-spiral  oscillation.  A  coupled  roll-spiral  mode  will  not 
be  permitted. 
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3.3,2  Later^i-directional  dynamic  i~e.sponse  characteristics.  Lateral-direc¬ 
tional  dynar..;c  response  characteristics  are  stated  in  terms  of  response  to 
atmospheric  dis>^urbances  and  in  terms  of  allowable  roll  rate  and  bank  angle 
oscillations,  sideslip  c.xcursions,  aileron  stick  or  wheel  forces,  and  rudder 
pedal  forces  that  occur  during  specified  rolling  and  turning  maneuvers.  The 
requirements  of  3. 3. 2. 2,  3. 3. 2. 3,  and  3. 3. 2. 4  apply  for  both  right  and  left 
aileron  commands  of  all  magnitudes  up  to  the  magnitudes  required  to  meet  the 
roll  performance  requirements  of  3,3.4  and  3, 3. 4.1. 

3.3. 2.1  l.ateral-directional  response  tq^ atmospheric  disturbances. 

■Although  no  numerical  requirements  are  specified,  the  combined  effects  of 
0)nci)^'dJ  4-(-p//i),  1 0//3}j  ,  gust  sensitivity,  and  flight-control-system 
non  linearities  shall  be  such  that  the  vehicle  will  have  acceptable  response 
and  controllability  characteristics  in  atmospheric  disturbances.  In  partic¬ 
ular,  the  roll  acceleration,  rate  and  displacement  responses  to  side  gusts 
shall  be  investigated  for  the  vehicle  during  glide,  landing  approach,  flare 
and  the  float  prior  to  touchdown  at  all  angles  of  attack  within  the  Opera¬ 
tional  and  Service  flight  Envelopes,  The  procuring  activity  shall  specify 
the  different  types  and  magnitudes  of  atmospheric  disturbances  under  which 
the  operational  and  e.xperimental  vehicles  shall  have  acceptable  response  and 
control labi 1 ity  characteristics . 

3. 3. 2. 2  Roil  rate  oscillations.  Following  a  rudder-pedals-free  step  aileron 
control  command,  the  roll  rate  at  the  first  minimum  following  the  first  peak 
shall  be  of  the  sam;;  sign  and  not  less  than  the  following  percentage  of  the 
roll  rate  at  tiie  first  peak: 


Flight  Phase 

Level 

Categox-y 

Percent 

1 

A  a  c 

60 

B 

25 

2 

A  a  c 

25 

B  0 

For  all  I.evels,  the  change  in  bank  angle  shall  alwjys  be  in  the  direction  of 
the  aileron  control  command.  The  aileron  command  .-hall  be  held  fixed  until 
the  bank  angle  has  changed  at  least  90  degrees. 


3b 


3. 3. 2. 2.1  Additional  roll  rate  requirements  for  small  inputs.  The  value  of 
the  parameter  -Po^l •Pa'^  following  a  rudder-pedals-free  step  aileron  con¬ 
trol  command,  shall  be  within  the  limits  shown  in  figure  4. 


-160  -240  -320 

(DEO)  WHEN  p  LEADS  (3  BY  45  TO  225  DEG 


-180  -260  -340  -60  -140  -220 

(OEQ)  WHEN  p  LEADS /3  BY  225  THROUGH  360  TO  45  UEG 

FIGURE  4  ROLL  RATE  OSCILLATION  LIMITATIONS 


3. 3. 2. 3  Bank  angle  oscillations.  The  value  of  the  parameter 
folio\;ing  a  rudder-pedals-free  impulse  aileron  control  command  shall  be  within 
the  limits  in  figure  5  for  Levels  1  and  2.  The  impulse  shall  be  as  abrupt  as 
practical  within  the  strength  limits  of  the  pilot  and  the  rate  limits  of  the 
aileron  control  system. 
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1,2 


0.8  . 


FLIQHT  phase 
CATLSORY  6 


LEVEL  2 


FLIGHT  PHASER 
CATEGORY  A  J  r 


0.4  — 


P  lYvYl  *2 


.  • . . 

LEVEL  I  I 


(DEG)  WHEN  p  LEADS  (3  BY  45  TO  225  DEG 

- 180  ^Yec  -340  T?6  -T40  1220 

ifi  (DEG)  WHEN  p  LEADS BY  225  THROUGH  360  TO  45  DEG 

FIGURE  5  BANK  ANGLE  OSCILLATION  LIMITATIONS 

3. 3, 2.4  Sideslip  excursions.  The  amount  of  side-slip  following  a  rudder-pedals- 
free  step  aileron  control  command  shall  be  less  than  the  values  specified  here¬ 
in.  The  aileron  command  shall  be  held  fixed  until  the  bank  angle  has  changed 
at  leasl  90  degi'ees. 


Level 


Flight  Phase 
Category 


Adverse  S.: deslip  Proverse  Sideslip 

(Right  roll  com-  (Right  roll  com¬ 
mand  cause:?  mand  causes  left 

right  side:,. lip)  sideslip) 


A  S  B 


bit  degre-i 
10  lE.  degrees 
15  jC  degrees 


2%  degrees 
Sit  degrees 
4'jfc  degrees 


When  the  roll  performance  exceeds  the  requirements  of  3.3.4  the  maximum 
amount  of  side.slip  allowed  shall  be  determined  assuming  =  1.0. 

3. 3.2.4. 1  Additional  sideslip  requirements  for  small  inputs.  The  amount  of 
sideslip  following  a  rudder-pedals-frec  step  aileion  control  command  shall  be 
within  the  limits  shown  on  figure  6  for  Levels  1  and  2.  This  requirement 
shall  apply  for  step  aileron  control  commands  up  to  the  magnitude  which  causes 
a  60-degrec  bank  angle  change  within  one  period  of  the  Dutch  roll  oscillation 
or  2  seconds,  whichever  is  longer. 
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3. 3. 2. 5  Control  of  sideslip  in  rollj.  In  the  rolling  maneuvers  described  in 
3.3.4,  but  with  the  rudder  pedals  used’  for  coordination  for  all  Classes,  direc¬ 
tional-control  effectiveness  shall  be  adequate  to  maintain  zero  sideslip  with 

a  rudder  pedal  force  not  greater  than  5C  pounds  for  Class  IV  vehicles  in  Flight 
Phase  Category  C,  Level  1  and  100  pounds  "for  all  other  combinations  of  Class, 
Flight  Phase  Category,  and  Level. 

3. 3. 2. 6  Turn  coordination.  It  shall  be  possible  to  maintain  steady  coord'nated 
turns  in  either  direction,  using  60  degrees  of  bank  for  Class  III  vehicles,  with 
a  rudder  pedal  force  not  exceeding  40  pounds  and  aileron  stick  force  not  ex¬ 
ceeding  5  pounds  or  an  aileron  wheel  force  not  exceeding  10  pounds.  These  re¬ 
quirements  constitute  Levels  1  and  2  with  the  vehicle  trimmed  for  wings-level 
straight  flight. 
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3.3.3  Pi  lot- jnduced  oscillations.  There  shall  be  no  tendency  for  sustained 
or  uncontrollable  lateral-directional  oscillations  resulting  from  efforts  of 
tlic  pilot  to  cc  itrol  the  vehicle. 

3.  Roll  control  effectiveness.  Roll  control  effectiveness  is  specified 

in  table  X  in  terms  of  bank  angle  change  in  a  given  time,  cl>f  .  Ai}er''n  con¬ 
trol  commands  shall  be  initiated  from  zero  roll  rate  in  the  form  of  abrupt  in¬ 
puts,  with  time  measured  from  the  initiation  of  control  force  application. 
Rudder  pedals  shall  remain  free  for  Class  III-O  and  Class  IV~0  vehicles  for 
Plight  Phase  Category  C,  Level  1.  Otherwise,  rudder  pedals  may  be  used  to 
reduce  sideslip  that  retards  roll  Mte  (not  to  produce  sideslip  that  aug¬ 
ments  roll  rate)  if  rudder  pedal  inputs  are  simple,  easily  coordinated  with 
aileron-control  inputs,  and  consistent  with  piloting  techniques  for  the  vehi¬ 
cle  Class  and  mission.  Roll  control  shall  be  sufficiently  effective  to  balance 
the  vehicle  in  roll  throughout  the  Service  Flight  Envelope  in  the  atmospheric 
disturbances  of  3.7.3  and  3.7.4  for  the  operational  vehicle  and  in  a  reduced 
level  of  atmospheric  disturbances  that  will  be  specified  by  the  procuring 
activity  for  the  experimental  vehicle. 


TABLE  X.  Roll  Control  Effectiveness 


Class 

Flight 

Phase 

Category 

Level  1 

Level  2 

Level  3 

III-O 

and 

C 

=  45°  in  3.2  sec 

-  45°  in  4.1  sec 

<4-  =  45°  in  5.4  sec 

III-E 

A  5  B 

(2^  =  30°  in  2.0  sec 

0^  =  30°  in  3.0  sec 

0r  =  30°  in  4.0  sec 

iV-0 

and 

C 

-  45°  in  1.2  sec 

0f  =  45°  in  1.6  sec 

<4  =  45°  in  2.6  sec 

IV-S 

A  §  B 

<4  =  45°  in  1.2  sec 

^  =  45°  in  1.6  sec 

0t  =  45°  in  2.1  sec 

3.3.4. 1  Roll  response  to  aileron  control  force.  Stick-controlled  vehicles 
in  Category  C  Flight  Phases  shall  have  a  roll  response  to  aileron  force  not 
greater  than  7.5  degrees  in  1  second  per  pound  for  Level  1,  and  not  greater 
than  12.5  degrees  in  1  second  per  pound  for  Level  2.  For  Category  A  Flight 
Phases,  the  stick  roll  sensitivity  shall  be  not  greater  than  15  degrees  in 
1  second  per  pound  for  Level  1,  and  not  greater  than  25  degrees  in  1  second 
per  pound  for  Level  2.  Stick-controlled  vehicles  in  Category  B  Flight  Phases 
shall  have  a  roll  response  to  aileron  force  not  greater  than  25  degrees  in  1 
second  per  pound  for  Level  1.  In  case  of  conflict  between  the  requirements 
of  3.3.4, 1  and  3. 3. 4. 2,  the  requiremen  s  of  3.3.4. i  shall  govern. 


3.3.3  Pi  lot- induced  oscillations.  There  shall  be  no  tendency  for  sustained 
or  uncontrollable  lateral-directional  oscillations  resulting  from  efforts  of 
tlio  pilot  to  ct.itrol  the  vehicle. 

3.  >.4  Roll  control  effectiveness.  Roll  control  effectiveness  is  specified 
in  table  X  in  terms  of  bank  angle  change  in  a  given  time,  .  Aileron  con¬ 

trol  commands  shall  be  initiated  from  zero  roll  rate  in  the  form  of  abrupt  in¬ 
puts,  with  time  measured  from  the  initiation  of  control  force  application. 
Rudder  pedals  shall  remain  free  for  Class  III-O  and  Class  IV-0  vehicles  for 
Flight  Phase  Category  C,  Level  1.  Otherwise,  rudder  pedals  may  be  used  to 
reduce  sideslip  that  retards  roll  'ate  (not  to  produce  sideslip  that  aug¬ 
ments  roll  rate)  if  rudder  pedal  inputs  are  simple,  easily  coordinated  with 
aileron-control  inputs,  and  consistent  with  piloting  techniques  for  the  vehi¬ 
cle  Class  and  mission.  Roll  control  shall  be  sufficiently  effective  to  balance 
the  vehicle  in  roll  throughout  tlie  Service  Flight  Envelope  in  the  atmospheric 
disturbances  of  3.7.3  and  3.7.4  for  tlie  operational  vehicle  and  in  a  reduced 
level  of  atmospheric  disturbances  that  will  be  specified  by  the  procuring 
activity  for  the  experimental  vehicle. 


TABLE  X.  Roll  Control  Effectiveness 


Class 

Flight 

Phase 

Category 

Level  1 

Level  2 

Level  3 

III-O 

and 

C 

-  45°  in  3.2  sec 

=  45°  in  4.1  sec 

=  45°  iji  5.4  sec 

III-E 

A  §  B 

(4  =  30°  in  2.0  sec 

0^  =  30°  in  3.0  sec 

0^  =  30°  in  4.0  sec 

iV-0 

and 

C 

0t  =  45°  in  1.2  sec 

0t  =  45°  in  1 . 6  sec 

0^  =  45°  in  2.6  sec 

lV-5 

A  5  B 

i_ 

=  45°  in  1.2  sec 

^  =  45°  in  1.6  sec 

0^  =  45°  in  2.1  sec 

3.3.4. 1  Roll  response  to  aileron  control  force.  Stick-controlled  vehicles 
in  Category  C  Flight  Phases  shall  have  a  roll  response  to  aileron  force  not 
greater  than  7.5  degrees  in  1  second  per  pound  for  Level  1,  and  not  greater 
than  12.5  degrees  in  1  second  per  pound  for  Level  2.  For  Category  A  Flight 
Phases,  the  stick  roll  sensitivity  shall  be  not  greater  than  15  degrees  in 
1  second  per  pound  for  Level  1,  and  not  greater  than  25  degrees  in  1  second 
per  pound  for  Level  2.  Stick-controlled  vehicles  in  Category  B  Flight  Phases 
shall  have  a  roll  response  to  aileron  force  not  greater  than  25  degrees  in  1 
second  per  pound  for  Level  1.  In  case  of  conflict  between  the  requirements 
of  3.3.4, 1  and  3. 3. 4. 2,  the  requiremen  s  of  3.3.4. i  shall  govern. 


3i3.4.2  Aileron  control  forces.  The  stick  or  wheel  force  required  to  achieve 
the  roll  control  effectiveness  in  table  X  of  3.3.4  shall  be  less  than  the  max¬ 
imum  in  table  XI.  The  minimum  force  shall  be  greater  than  the  breakout  force 
plus  one- fourth  and  one-eighth  the  values  in  table  XI  for  Levels  1  and  2, 
respectively.  For  Level  3,  the  minimum  aileron  control  force  shall  be  greater 
than  the  breakout  force. 

Linearity  of  roll  response.  There  shall  be  no  objectionable  non- 
linearities  in  the  variation  of  rolling  response  with  aileron  control  deflec¬ 
tion  or  force.  Sensitivity  or  sluggishness  in  response  to  small  aileron  con¬ 
trol  deflections  or  forces  shall  be  avoided. 


TABLE  XI.  ^5aximum  Aileron  Control  Force 


Level 

Class 

Flight 

Phase 

Category 

Maximum 

Stick  Force 
(lb) 

Maximum 
Wheel  Force 
(lb) 

1 

III-O 

A  6  B 

25 

50 

C 

25 

25 

IV-0 

A  §  B 

20 

40 

C 

20 

20 

2 

III-O 

A  h  B 

30 

60 

C 

30 

30 

IV-0 

A  5  B 

30 

60 

C 

20 

20 

3 

III- O  6 

IV- 0 

All 

35 

70 

All 

III- E  6 

IV- E 

All 

35 

. 

70 

3. 3.4.4  Wheel  control  throw.  For  vehicles  with  wheel  controllers,  the  wheel 
throw  necessary  to  meet  the  roll  control  effectiveness  requirements  specified 
in  3.3.4  shall  not  exceed  60  degrees  in  either  direction.  For  completely 
mechanical  systems,  the  requirement  may  be  relaxed  to  80  degrees. 
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3. 3. 4. 5  Rudder-pedal -induced  rolls.  For  Levels  1  and  2,  it  shall  be  possible 
to  raise  a  wing  by  use  of  the  rudder  pedal  alone,  with  right  rudder  pedal  force 
required  for  right  rolls  and  left  rudder  pedal  force  required  for  left  rolls. 

For  Level  1,  with  the  aileron  control  free,  it  shall  be  possible  to  produce  a 
roll  rate  of  3  degrees  per  second  with  an  incremental  rudder  pedal  force  of 

50  pounds  or  less.  The  specified  roll  rate  shall  be  attainable  from  coordinated 
turns  at  up  to  ±30  degrees  bank  luigle  with  the  vehicle  trimmed  for  wings- level, 
zero-yaw-rate  flight.  For  Levels  1  and  2,  effective  dihedral  shall  not  be  so 
great  that  use  of  rudder  pedals  adversely  affects  precision  of  bank  angle  control 
or  causes  excessively  large  roll  rates. 

3.3.5  Directional  control  cnaractcristics .  Directional  stability  and  control 
characteristics  shall  enable  the  pilot  to  balance  yawing  moments  and  control 
yaw  and  sideslip.  Sensitivity  to  rudder  pedal  forces  shall  be  sufficiently 
high  that  directional  control  and  force  requirements  can  be  met  and  satisfactory 
coordination  can  be  achieved  without  unduly  high  rudder  pedal  forces,  yet 
sufficiently  low  that  occasional  improperly  coordinated  control  inputs  will 

not  seriously  degrade  the  flying  qualities. 

3.3.5. 1  Directional  control  with  speed  change.  With  the  vehicle  initially 
trimmed  directionally  with  symmetric  power,  the  trim  change  with  speed  shall 
be  such  that  wings- level  straight  flight  can  be  maintained  over  a  speed  range 
of  ±30  percent  of  the  trim  speed  or  ±100  knots  equivalent  airspeed,  which¬ 
ever  is  less  (except  where  limited  by  boundaries  of  the  Service  Flight  Envelope) . 
The  rudder  pedal  forces  shall  not  be  greater  than  40  pounds  for  Levels  1  and  2, 
and  180  pounds  for  Level  3,  without  retrimming. 

3.3.5. 1.1  Directional  control  with  asymmetric  loading.  With  the  vehicle 
initially  trimmed  directionally  in  the  asymmetric  loading  conditions  specified 
in  the  contract  at  any  speed  in  the  Operational  Flight  Envelope,  it  shall  be 
possible  to  maintain  a  wings-level  straight  flight  path  throughout  the  Opera¬ 
tional  Flight  Envelope  with  rudder  pedal  forces  not  greater  than  lOO  pounds 
for  Levels  1  and  2  and  not  greater  than  180  pounds  for  Level  3,  without 
retrimming. 

3. 3. 5, 2  Directional  control  in  go- around.  For  the  vehicle  with  a  landing 
engine,  the  response  to  thrust,  configuration,  and  airspeed  change  during  land¬ 
ing  abort  shall  be  such  that  the  pilot  can  maintain  straight  flight  during  go- 
around  initiated  at  speeds  down  to  Vg(PA).  The  rudder  pedal  forces  shall  not 
exceed  40  pounds  fov  Levels  1  and  2  nor  180  pounds  for  level  3. 

3.3.6  Lateral -directional  characteristics  in  steady  sideslips.  The  require¬ 
ments  of  3. 3.6.1  through  3, 3.6. 3.1  and  3.3. 7.1  are  expressed  in  terms  of 
characteristics  in  rudder-pedal -induced  steady,  zero-yaw-rate  sideslips  with 
the  vehicle  trimmed  for  wings-level  straight  flight.  For  3.3.6. 1  through 

3. 3. 6. 3,  sideslip  angles  shall  be  considered  up  to  those  produced  or  limited 
by: 

a.  Full  rudder  pedal  deflection,  or 

b.  250  pounds  of  rudder  pedal  force,  or 
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c. 

d. 


maximum  aileron  control. or  surface  deflection,  or 

a  maximum  sideslip  angle  to  be  specified  by  the  procuring  activity  for 
the  operational  and  the  experimental  vehicles  for  the  various  Flight 
Phase  Categories. 

3. 3.6.1  Yawing  moments  in  steady  sideslips.  For  the  sideslips  specified,  in 
3.3.6,  right  rudder  pedal  deflection  and  force  shall  produce  left  sideslips, 
and  left  rudder  pedal  deflection  and  force  shall  produce  right  sideslips.  The 
variation  of  sideslip  ang.le  with  rudder  pedal  deflection  and  force  shall  be 
essentially  linear  for  sideslip  angles  between  5  degrees  and  -5  degrees  for 
Levels  I  and  2,  Flight  Phase  Categories  A  and  B.  For  larger  sideslip  angles 
an  increase  in  rudder  pedal  deflection  shall  always  be  required  for  an  in¬ 
crease  in  sideslip.  For  Flight  Phase  Category  C,  linearity  between  rudder 
pedal  deflection  and  sideslip  and  rudder  pedal  force  and  sideslip  shall  apply 
between  +  10  degrees  and  -10  degrees  for  the  operational  vehicle  and  between 

+  5  degrees  and  -5  degrees  for  the  experimental  vehicle.  Although  the  gradient 
of  sideslip  angle  versus  pedal  .deflection  and  sideslip  angle  versus  rudder  pedal 
force  may  be  reduced  outside  the  linear  range  specified,  in  no  case  shall  this 
reduction  be  less  than  50  percent  of  the  linear  gradient,  except  for  Level  3, 
when  the  gradient  must  always  be  greater  than  rero.  Hie  term  gradient  Joes 
not  include  that  portion  of  the  rudder  pedal  force  versus  sideslip  angle  curve 
within  the  preloaded  breakout  force  or  friction  band. 

3. 3.6. 2.  Side  forces  in  steady  sideslips.  For  the  sideslips  of  3,3.6,  an  in¬ 
crease  in  right  bank  angle  shall  accompany  an  increase  in  right  sideslip,  and 
an  increase  in  left  bank  angle  shall  accompany  an  increase  in  left  sideslip. 

3. 3.6. 3  Rolling  moments  in  steady  sideslips.  For  the  sideslips  of  3.3.6, 
left  aileron-control  deflection  and  force  shall  accompany  left  sideslips,  and 
right  aileron- control  deflection  and  force  shall  accompany  right  sideslips. 

For  Levels  1  and  2,  the  variation  of  aileron- control  deflection  and  force  with 
sideslip  angle  shail  be  essentially  linear. 

3. 3.6. 3.1  Exception  for  go- around.  The  requirement  of  3. 3. 6, 5  may,  if  necessary, 
be  waived  for  go-around  if  task  performance  is  not  impaired  and  no  more  than  50 
percent  of  roll  control  power  available  to  the  pilot  and  no  more  than  10  pnunds 
of  aileron-control  force,  are  required  in  a  direction  opposite  to  that  specified 
in  3. 3.6. 3. 


3. 3. 6. 3. 2  Positive  effective  dihedral  limit.  For  Level  1,  positive  effective 
dihedral  (right  roll  control  for  right  sideslip  and  left  roll  control  for  left 
sideslip)  shall  never  be  so  great  that  more  than  50  percent  of  the  roll  con¬ 
trol  power  available  to  the  pilot  and  no  more  than  7.5  pounds  of  aileron-stick 
force  or  15  pounds  of  aileron-wheel  force,  are  required  for  sideslip  angles 
which  might  be  experienced  by  the  operational  vahicle  in  service  employment. 
The  corresponding  limits  for  Level  2  shall  be  75  percent  and  10  pounds  of 
aileron- stick  force  or  20  pounds  of  aileron-wheel  force.  For  the  experimental 
vehicle.  Levels  1  and  2,  positive  effective  dihedral  shall  never  be  so  great 
that  more  than  75  percent  of  the  roll  control  power  available  to  the  pilot 
and  no  more  than  20  pounds  of  aileron-stick  force  or  40  pounds  of  aileron- 
wheel  force  are  required  for  sideslip  angles  which  might  be  experienced  in 
service  einployment. 
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3.3,?  Lateraj -directional  control  in  crosswinds,  ’t  shall  be  possible  to 
take  off  and  land  with  normal  pilot  skill  and  technique  in  90  degree  crosswinds, 
from  either  side,  of  velocities  up  to  those  specified  in  table  XII,  .'iileron 
control  forces  shall  be  within  the  limits  specified  in  3. 3. 4. 2,  and  rudder 
pedal  forces  shall  not  exceed  100  pounds  for  Level  1  nor  180  pounds  for  Levels 
2  and  ^  This  requirement  can  normally  be  met  through  compliance  with  3.3.7. 1 
and  3. 3, 7. 2. 


TABLE  XII.  Crosswind  Velocity 


Level 

Crosswind 

Operational 

Vehicle 

Experimental 

Vehicle 

1  §  2 

30  knots 

10  knots 

3 

1 

15  knots 

0 

3. 3. 7.1  Final  approach  in  crosswinds.  For  all  operational  vehicles  except 
vehicles  equipped  with  crosswind  landing  gear,  or  otherwise  constructed  to 
land  in  a  large  ci*abbed  attitude,  rudder-  and  aileron-control  power  shall  be 
adequate  to  develop  at  least  10  degrees  of  sideslip  or  the  sideslip  specified 
in  3.3.6,  whichever  is  less,  with  rudder  pedal  forces  not  exceeding  the  values 
specified  in  3.3.7.  For  Level  1,  aileron  control  shall  not  exceed  either  7.S 
pounds  of  force  or  50  percent  of  control  power  available  to  the  pilot.  For 
Level  2  the  corresponding  limits  are  10  pounds  or  75  percent.  The  aileron  con¬ 
trol  force  shall  not  exceed  20  pounds  for  Level  3.  For  Levels  1  and  2,  the 
experimental  vehicle  shall  develop  at  least  5  degrees  of  sideslip  or  the  side¬ 
slip  specified  in  3.3.6,  whichever  is  less,  with  rudder  pedal  forces  not  ex¬ 
ceeding  the  values  specified  in  3.3.7.  For  the  experimental  vehicle.  Levels 

1  and  2,  aileron  control  shall  not  exceed  either  20  pounds  of  force  or  75  per¬ 
cent  of  the  roll  control  power  available  to  the  pilot. 

3. 3. 7. 2  Takeoff  run  and  landing  rollout  in  crosswinds.  Rudder  and  aileron 
control,  in  conjunction  with  other  normal  means  of  control,  shall  be  adequate 
to  maintain  a  straight  path  on  the  ground  or  other  landing  surface  in  calm  air 
and  in  crosswinds  up  to  the  values  specified  in  table  XII.,  This  requirement 
applies  with  forces  not  exceeding  the  values  specified  in  3.3.7. 

3. 3. 7.2.1  Cold-  and  wet-weather  operation.  The  requirements  of  3. 3. 7. 2  apply 
on  wet  runways  for  all  operational  vehicles,  and  on  snow-packed  and  icy  run¬ 
ways  for  operational  vehicles  intended  to  operate  under  such  conditions.  If 
compliance  is  not  demonstrated  under  these  adverse  runway  conditions,  direc¬ 
tional  control  shall  be  maintained  by  use  of  aerodynamic  controls  alone  at  all 
airspeeds  above  50  knots  for  Class  IV-0  and  above  30  knots  for  Class  Ill-O. 

For  ver>’  slippery  runways,  the  requirements  need  not  apply  for  crosswind 
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components  at  which  the  force  tending  to  blow  the  operational  vehicle  off  the 
runway  exceeds  the  opposing  tire-runway  frictional  force  with  the  tires 
supporting  all  of  the  vehicle's  weight. 

3. 3. 7. 3  Taxi  .ig  wind  speed  limits.  It  shall  be  possible  to  taxi  an  operational 
vehicle  at  any  angle  in  a  45-knot  wind. 

3.3.8  Lac.jral-directional  control  in  dives.  Rudder  and  aileron  control  power 
shall  be  adequate  t  maintain  wings  level  and  sideslip  zero,  without  retrimming, 
throughout  the  div  and  j'-illouts  of  3. 2. 3. 5  and  3. 2. 3. 6.  In  the  Sem/ice  Flight 
Envelope,  aileron  control  forces  shall  not  exceed  10  pounds  and  rudder  pedal 
forces  shall  not  exceed  50  pounds. 

3.3.9  Lateral-directional  control  with  asymmetric  thrust.  A  powered  vehicle 
shall  be  safely  controllable  with  asymmetric  loss  of  thrust  from  any  factor, 
llie  requirements  of  3. 3.9.1  through  3. 3. 9. 4  apply  for  the  appropriate  Flight 
Phases  when  any  single  failure  or  malperformance  of  the  propulsive  system,  in¬ 
cluding  inability  to  get  an  air  start,  causes  the  absence  or  loss  of  thrust  of 
one  or  more  engines.  The  effect  of  the  failure  or  malperformance  on  all  sub¬ 
systems  powered  or  driven  by  the  failed  prop  ’five  system  should  also  be  con¬ 
sidered. 

3.3.9. 1  Thrust  loss  during  takeoff  run.  It  shall  be  possible  for  the  pilot 
to  maintain  control  of  a  powered  vehicle  on  the  takeoff  surface  following  sud¬ 
den  loss  of  thrust  from  the  most  critical  factor.  Thereafter,  it  shall  be 
possible  to  achieve  and  maintain  a  straight  path  on  the  takeoff  surface  with¬ 
out  a  deviation  of  more  than  30  feet  from  the  path  originally  intended,  with 
rudder  pedal  forces  not  exceeding  180  pounds.  For  the  continued  takeoff,  the 
requirement  shall  be  met  when  thrust  is  lost  at  speeds  from  the  refusal  speed 
(based  on  the  shortest  runway  from  which  the  vehicle  is  designed  to  operate) 
to  the  maximum  takeoff  speed,  with  takeoff  thrust  maintained  on  the  operative 
engine(s),  using  only  elevator,  aileron,  and  rudder  controls.  For  the  aborted 
takeoff,  the  requirement  shall  be  met  at  all  speeds  below  the  maximum  takeotf 
speed;  however,  additional  controls  such  as  nose-wheel  steering  and  differen¬ 
tial  braking  may  be  used.  Automatic  devices  which  normally  operate  in  the 
event  of  a  thrust  failure  may  be  used  in  either  case. 

3. 3.9. 2  Thrust  loss  after  takeoff.  During  takeoff,  it  shall  be  possible  with¬ 
out  a  change  in  selected  configuration  for  the  pilot  to  achieve  straight  flight 
following  sudden  asymmetric  loss  of  thrust  from  the  most  critical  factor  at 
speeds  from  V  .  (TO)  to  V  (TO) ,  and  thereafter  to  maintain  straight  flight 
throughout  the^’climbout.  "'ffie  rudder  pedal  force  required  to  maintain  straight 
flight  with  asymmetric  thrust  shall  not  exceed  180  pounds.  Aileron  control 
shall  not  exceed  either  the  force  limits  specified  in  3. 3. 4. 2  or  75  percent 

of  available  control  power,  with  takeoff  thrust  maintained  on  the  operative 
engine(s)  and  trim  at  normal  settings  for  takeoff  with  symmetric  thrust.  Auto¬ 
matic  devices  which  normally  operate  in  the  event  of  a  thrust  failure  may  be 
used,  and  the  vehicle  may  be  banked  up  to  5  degrees  away  from  the  inoperative 
engine. 
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S.S.Q.-'i  Transient  eff'9ctg.  The  vehicle  motions  following  sudden  asymmetric 
loss  of  thrust  shaii  be  such  that  dangerous  conditions  can  be  avoided  by  pilot 
corrective  action.  A  realistic  time  delay  (3.4.9)  of  at  least  1  second  shall 
be  considered. 

3. 3. 9. 4  Asymmetric  thrust  -  rudder  pedals  free.  The  static  directional  stab¬ 
ility  shall  be  such  that  at  alT  .speeds  above  with  asymmetric  loss  of 

thrust  from  the  most  critical  factor  vhile  the  other  engine(s)  develop  normal 
rated  thrust,  the  operational  vehicle  with  rudder  pedals  free  may  be  balanced 
directionally  in  steady  straight  flight.  The  trim  settings  shall  be  those 
required  for  wings-level  straight  flight  prior  to  the  failure.  Aileron  con¬ 
trol  forces  shall  not  e.xceed  the  Level  2  limits  specified  in  3. 3. 4, 2  for  Levels 
1  and  2  and  shall  not  exceed  the  Level  3  limits  for  Level  3. 

3. 3.9. 5  Two  engines  inoperative.  With  any  engine  inoperative,  it  shall  be 

possible  upon  failure  or  the  inability  to  get  an  air  s-.art  of  the  most  critical 
remaining  engine  to  stop  the  transient  motion.  Furthermore,  it  shall  be 
po.ssible  to  maintain  straight  flight  from  the  one-engine-out  speed  for  maxi¬ 
mum  range  to  the  speed  for  maximum  range  with  both  engines  inoperative.  In 
addition,  it  shall  be  possible  to  effect  a  safe  recovery  at  any  service  speed 
above  (CL)  following  sudden  simultaneous  failure  of  the  two  critical 

failing  engines. 

3 . 4  Miscellaneous  flying  qualities. 

3.4.1  Approach  to  dangerous  flight  conditions.  Dangerous  conditions  may 
exist  where  the  vehicle  should  not  be  flown.  When  approaching  these  flight 
conditions,  it  shall  be  possible  by  clearly  discernible  means  for  the  pilot 
to  recognize  the  impending  dangers  and  take  preventive  action.  Final  deter¬ 
mination  of  the  adequacy  of  all  warning  of  impending  dangerous  flight  con¬ 
ditions  will  be  made  by  the  procuring  activity,  considering  functional  effec¬ 
tiveness,  whether  the  vehicle  is  operational  or  experimental,  and  the  reli¬ 
ability  required  as  determined  by  the  vehicle  mission.  Devices  may  je  used 
to  prevent  entry  to  dangerous  conditions  only  if  the  criteria  for  their  de¬ 
sign,  and  the  specific  devices,  are  approved  by  the  procuring  activity. 

3. 4. 1.1  Warning  and  indication.  Warning  or  indication  of  approach  to  a 
dangerout  condition  shall  be  clear  and  unambiguou*^ .  For  example,  a  pilot 
must  be  able  to  distinguish  readily  among  stall  warning  (which  requires  pitch 
down  or  increasing  speed),  excessive  sink  rate  (which  requires  a  decrease  in 
angle  of  attack) ,  Mach  buffet  (which  may  indicate  a  need  to  de'-rease  speed) , 
and  normal  vehicle  vibration  (which  indicates  no  need  for  pilot  action).  If 
a  warning  or  indication  device  is  required,  functional  failure  of  the  evice 
shall  be  indicated  to  the  pilot. 

3.4. 1.2  Prevention.  As  a  minimum,  dangerous-condition-prevention  devices 
shall  perform  their  function  whenever  needed,  but  shall  not  limit  flight  within 
the  Operational  Flight  Envelope.  Hazardous  operation,  normal  or  inadvertent, 
shall  never  be  possible.  For  an  operational  vehicle,  for  Levels  1  and  2, 
neither  hazardous  nor  nuisance  operation  shall  be  possible. 
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3.4.2  Stalls .  The  requirements  of  3.4.2  through  3. 4. 2. 4.1  are  to  assure 
that  the  airflow  separation  induced  by  high  angle  of  attack,  which  causes  loss 
of  aerodynamic  lift  or  control  about  any  one  axis,  does  not  result  in  a  dan¬ 
gerous  or  mission- limiting  condition.  When  the  maximum  angle  of  attack  and 
minimu-n  speed  i.re  limited  by  other  considerations  than  stall,  any  or  all  the 
requirements  of  3.4.2  through  3. 4. 2. 4.1  may  be  waived  with  the  prior  approval 
of  the  procuring  activity. 

3.4.2. 1  Required  condirions.  The  requirements  for  stall  characteristics  apply 
for  all  Vehicle  Normal  States  in  straight  unaccelerated  flight,  turns  including 
gliding  and  climbing  turns,  and  pullups  with  normal  acceleration  up  to 

The  requirements  shall  also  apply  to  Vehicle  Failure  States  that  affect  stall 
characteristics . 

3. 4. 2. 2  Stall  warning  requirements.  The  stall  approach  shall  be  accompanied 
by  an  easily  perceptible  warning.  Acceptable  stall  warning  may  consist  of 
shaking  of  the  cockpit  controls,  buffeting  or  shaking  of  the  vehicle,  or  a 
combination  of  both.  The  onset  of  this  warning  shall  occur  within  the  ranges 
specified  in  3. 4. 2. 2.1  and  3. 4. 2. 2. 2  but  not  within  the  Operational  Flight 
Envelope.  The  increase  in  buffet  intensity  with  further  increase  in  angle  of 
attack  shall  be  sufficiently  marked  to  be  noted  by  the  pilot.  The  warning  may 
be  provided  artificially  only  if  it  can  be  shown  that  natural  stall  warning  is 
not  feasible.  These  requirements  apply  whether  Vg  is  as  defined  in  6.2.2  or 
as  allowed  in  3. 1.9. 2.1. 

Stall  warning  may  not  be  required  for  certain  Flight  Phases  since  the 
vehicle  may  never  exhibit  stall  characteristics  or  approach  the  stall.  How¬ 
ever,  in  lieu  of  stall  warning  a  limiting  angle  of  attack  or  some  other  warn¬ 
ing  may  be  necessary  to  indicate  the  approach  to  a  dangerous  flight  condition. 
The  Flight  Phases  exempted,  and  the  type  of  warning  used  in  lieu  of  stall  warn¬ 
ing,  will  be  established  with  the  approval  of  the  procuring  activity. 

3 . 4 , 2 . 2 . 1  Warning  speed  for  stalls  at  1  g  cos  Z  normal  to  the  flight  path. 
Warning  onset  for  powered  or  unpowered  vehicles  for  stalls  at  1  g  cos  y  normal 
to  the  flight  path  shall  occur  between  the  following  limits; 


Flight  Phase 

Minimum  Stall 

Warning  Speed 

Maximum  Stall 

Warning  Speed 

C 

Higher  of  1.05  Vg 

Higher  of  1.10  V, 

or  Vg  +  5  knots 

or  V^  +  10  knots 
b 

A  6  B 

Higher  of  1.05  Vg 

Higher  of  1.15  V, 

cr  Vg  +  5  knots 

or  Vg  +  15  knots 

3. 4. 2. 2. 2  Warning  range  for  accelerated  stalls.  Onset  of  stall  warning  shall 
occur  outside  the  Operational  Flight  Envelope  associated  with  the  Vehicle 
Normal  State  and  within  the  following  angle-of-attack  ranges: 
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Flight  Phase 


C 

A  5  8 


Minimum  Stall 
Warning  Angle 
of  Attack 

OC.  +  0.82(<t5  -  05^) 
«■  0.75(ots  -  06^) 


Maximum  Stal’ 
Warning  Angle 
of  Attack 

Qfs  *  O.gOfoJg  ) 

a^s  +  O.OO'aij  ) 


where  oig  is  the  stall  angle  of  attack  and  is  the  angle  of  attack  for  zero 
lift  (  may  be  estimated  from  wind-tunnel  tests  or  flight  tests). 


3. 4. 2. 3  Stall  characteristics.  In  the  unaccelerated  stalls  of  3.4, 2.1,  the 
vehicle  shall  not  exhibit  uncontrollable  rolling,  yawing,  or  downward  pitch¬ 
ing  at  the  stall  in  excess  of  20  degrees  for  Class  III,  or  30  degrees  for  Class 
IV  vehicles.  It  is  desired  that  no  pitch-up  tendencies  occur  in  anaccelerated 
or  accelerated  stalls.  In  unaccelerated  stalls,  mild  nose-up  pitch  may  be 
acceptable  if  no  elevator  control  force  reversal  occurs  and  if  no  dangerous, 
unrecoverable,  or  objectional  flight  condition  results.  A  mild  nose-up  ten¬ 
dency  may  be  acceptable  in  accelerated  stalls  if  the  operational  effective¬ 
ness  of  the  airplane  is  not  compromised  and; 


a.  The  vehicle  has  adequate  stall  warning 

b.  Elevator  effectiveness  is  such  that  it  is  possible  to  stop  the  pitch-up 
promptly  and  reduce  the  angle  of  attack,  and 

c.  At  no  point  during  the  stall,  stall  approach,  or  recovery  does  any 
portion  of  the  vehicle  exceed  structural  limit  loads. 


The  requirements  apply  to  all  stalls  resulting  from  rates  of  speed  reduction 
up  to  4  knots  per  second.  The  stall  characteristics  will  be  considered  un¬ 
acceptable  if  a  spin  i.s  likely  to  result. 

3.4. 2.4  Stall  recovery  and  prevention.  It  shall  be  possible  to  prevent  the 
complete  stall  by  moderate  use  of  the  controls  at  the  onset  of  the  stall  warn¬ 
ing.  It  shall  be  possible  to  recover  from  a  complete  stall  by  use  of  the 
elevator,  aileron,  and  rudder  controls  witl)  reasonable  forces,  and  to  regain 
level  flight  for  a  powered  vehicle  and  steady-state  glide  flight  for  an  un¬ 
powered  vehicle.  Such  recovery  shall  be  possible  without  excessive  loss  of 
altitude  or  buildup  of  speed.  For  a  powered  vehicle,  throttle  shall  remain 
fixed  until  speed  has  begun  to  increase  when  an  angle  of  attack  below  the 
stall  has  been  regained.  In  the  straight-flight  stalls  of  3. 4. 2.1,  with  the 
vehicle  trimmed  at  a  speed  not  greater  than  1.4  Vg  and  with  a  speed  reduction 
rate  of  at  least  4.0  knots  per  second,  elevator  control  power  shall  be  suf¬ 
ficient  to  recover  from  any  attainable  angle  of  attack. 


3. 4. 2. 4.1  One-engine-out  stalls.  On  multi-engine  vehicles  in  cruise  flight, 
it  shall  be  possible  to  recover  safely  from  stalls  with  the  critical  engine 
inoperative.  This  requirement  applies  with  the  remaining  engines  at  up  to 
thrust  for  level  flight  at  1.4  V5,  but  these  engines  may  be  throttled  back 
during  recovery. 
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3.4.Li  Spin  recovery.  If  spin  demonstration  is  required  by  MIL-S-25015  or 
MIL-D-8708  (with  any  modifications  to  make  them  applicable  to  lifting  re-entry 
vehicles),  consistent  prompt  recoveries  shall  be  possible  from  all  modes  of 
incipient  and  fully  developed  erect  and  inverted  spins,  using  controls  as 
required  by  the  referenced  specifications.  If  such  controls  include  a  special 
spin  recovery  device,  that  device  shall  satisfy  the  following  additional  re¬ 
quirements:  required  pilot  action  shall  be  easy,  consistent,  and  simple; 
the  device  shall  be  immediately  reusable  for  several  spins  on  the  same  flight. 
Recoveiry  control  for*'.es  shall  not  exceed  2S0  pounds  rudder,  75  pounds  elevator, 
or  35  pounds  aileron. 

3.4.4  Roll-pitch-yaw  coupling.  For  Class  III  and  Class  IV  vehicles  in  rudder- 

pedal  free,  elevator-control~fi.xed,  maximum-performance  rolls  through  90  de¬ 
grees,  entered  from  straight  flight  or  gliding  flight,  or  from  turns,  gliding 
turns,  pushovers,  or  pullups  ranging  from  0  g  to  C.8  ,  the  resulting  yaw¬ 

ing  or  pitching  motion  and  sideslip  or  ngle-of-attack  changes  shall  neither 
exceed  structural  limits  nor  cause  other  dangerous  fligh'-  conditions  such  as 
uncontrollable  motions  or  roll  autorotatior,.  These  requirements  define  Level 

1  and  Level  2  operation. 

3.4.5  Control  harmony.  The  elevator  and  aileron  force  and  displacement  sen¬ 
sitivities  and  breakout  forces  shall  be  compatible  so  that  intentional  inputs 
to  one  control  axis  will  not  cause  inadvertent  inputs  to  the  other. 

3.4.5. 1  Control  force  coordination.  The  cockpit  control  forces  required  to 
perform  maneuvers  which  are  noimal  for  the  vehicle  should  have  magnitudes  which 
are  related  to  the  pilot's  capability  to  produce  such  forces  in  combination. 

The  following  control  force  levels  are  considered  to  be  limiting  values  com¬ 
patible  with  the  pilot's  capability  to  apply  simultaneous  forces: 

Type  Control  Elevator  Aileron  Rudder 

Center-stick  50  pounds  25  pounds  175  pounds 

Wheel  75  pounds  40  pounds  175  pounds 

3.4.6  Buffet.  Within  the  boundaries  of  the  Operational  Flight  Envelope,  there 
shall  be  no  objectionable  buffet  which  might  detract  from  the  effectiveness  of 
the  vehicle  in  executing  its  intended  missions. 

3.4.7  Release  of  stores.  The  intentional  release  of  any  stores  shall  not 
result  in  objectionable  flight  characteristics  for  Levels  1  and  2.  However, 
the  intentional  release  of  stores  shall  never  result  in  dangerous  or  intolerable 
flight  characteristics.  This  requirement  applies  for  all  flight  conditions  and 
store  loadings  at  which  normal  or  emergency  store  release  is  structurally  per¬ 
missible. 

3.4.8  Effects  of  special  equipment.  Operation  of  movable  parts  such  as  cr.rgo 
doors,  refueling  devices,  rescue  equipment,  or  delivery  or  pickup  of  cargo 
shall  not  cause  buffet,  trim  changes,  or  other  characteristics  which  impair  the 
tactical  effectiveness  of  the  vehicle  under  any  pertinent  flight  condition. 

These  requirements  shall  be  met  for  Levels  1  and  2, 
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3.4.9  Transients  following  failures.  The  vehicle  motions  following  sudden 
vehicle  system  or  component  failures  shall  be  such  that  dangerous  conditions 
can  be  avoided  by  pilot  corrective  action.  A  realistic  time  delay  between 
the  failure  and  initiation  of  pilot  corrective  action  shall  be  incorporated 
when  determining  compliance.  This  time  delay  should  include  an  interval  be¬ 
tween  the  occurrence  of  the  failure  and  the  occurrence  of  a  cue  suclj  as 
acceleration,  rate,  displacement,  or  sound  that  will  definitely  indicate  to 
the  pilot  that  a  failure  has  occurred,  plus  an  additional  interval  whic' 
represents  the  time  required  for  the  pilot  to  diagnose  the  situation  apu 
initiate  correi,tive  action. 

3.4.10  Failures .  No  single  failure  of  any  component  or  system  shall  result 

in  dangerous  or  intolerable  flying  qualities;  Special  Failure  States  (3. 1.6.2. 1) 
are  excepted.  The  crew  member  concerned  shall  be  provided  with  immediate  and 
easily  interpreted  indications  whenever  failures  occur  that  require  or  limit 
any  crew  action  or  decision. 

3 . 5  Characteristics  of  the  primar>'  flight  control  system. 

3.5.1  General  characteristics.  As  used  in  this  specification,  the  term 
primary  flight  control  system  includes  the  elevator,  aileron,  and  rudder  con¬ 
trols  (including  control  surface  interconnects),  stability  augmentation  system, 
and  all  mechanisms  and  devices  that  thev  operate.  The  requirements  of  this 
section  are  concerned  with  those  aspects  of  the  primary  flight  control  system 
which  are  directly  related  to  flying  qualities.  These  requirements  are  in 
addition  to  the  requirements  of  the  applicable  control  system  design  specifica¬ 
tion,  e.g.,  MIL-F-9490  or  MIL-C-18244. 

3.5.2  Mechanical  characteristics.  Some  of  the  important  mechanical  charac¬ 
teristics  of  control  systems  (including  servo  valves  and  actuators)  are:  fric¬ 
tion  and  preload,  lost  motion,  flexibility,  mass  inbalance  and  inertia,  non¬ 
linear  gearing,  and  rate  limiting.  Requirements  for  these  characteristics  are 
contained  in  3. 5. 2.1  through  3. 5.2. 4.  Meeting  these  separate  requirements, 
however,  will  not  necessarily  ensure  that  the  overall  system  will  be  satisfactory; 
the  mechanical  characteristics  must  be  compatible  with  the  nonmechanical  por¬ 
tions  of  the  control  system  and  with  the  airframe  dynamic  characteristics. 

3.5.2. 1  Control  centering  and  breakout  forces.  Longitudinal,  lateral,  and 
directional  controls  should  exhibit  positive  centering  in  flight  at  any  uormal 
trim  setting.  Although  absolute  centering  is  not  required,  the  combined  effects 
of  centering,  breakout  force,  stability,  and  force  gradient  shall  not  produce 
objectionable  flight  characteristics,  such  as  poor  precision-tracking  ability, 
or  permit  large  departures  from  trim  conditions  with  controls  free.  Breakout 
forces,  including  friction,  preload,  etc.,  shall  be  within  the  limits  of  table 
XIII.  The  values  in  table  XIII  refer  to  the  cockpit  control  force  required  to 
start  movement  of  the  control  surface  in  flight  for  Levels  1  and  2;  the  upper 
limits  are  doubled  for  Level  3. 

3.5. 2.2  Cockpit  control  free  play.  The  free  play  in  each  cockpit  control, 
that  is,  any  motion  of  the  cockpit  control  which  does  not  move  the  control 
surface  in  flight,  shall  not  result  in  objectionalble  flight  characteristics, 
particularly  for  small-amplitude  control  inputs. 

AO 


TABLE  XIII.  A1 livable  Breakout  Forces,  Pounds 


Class  TV 

Class  III 

HRSM 

Max 

- 1 

Min 

Max 

Elevator 

Stick 

1/2 

3 

1/2 

5 

Wheel 

1/2 

4 

1/2 

7 

Aileron 

Stick 

1/2 

2 

1/2 

4 

Wheel 

1/2 

3 

1/2 

6 

Rudder 

1 

7 

1 

14 

3.5.2. 3  Rate  of  control  <^isplacement.  The  ability  of  the  vehicle  to  perform 
the  opeiational  maneuvers  required  of  it  shall  not  be  limited  in  the  atmospheric 
disturbances  specified  in  3.7  by  control  surface  deflection  rates.  For  powered 
or  boosted  controls,  the  effect  of  engine  .'peed  and  the  duty  cycle  of  both 
primary  and  secondary  controls  together  with  the  pilot  control  techniques  shall 
be  included  when  establishing  compliance  with  this  requirement. 

3. 5. 2. 4  Adjustable  controls.  When  a  cockpit  control  is  adjustable  for  pilot 
physical  dimensions  or  comfort,  the  control  forces  defined  in  6.2  refer  to 

the  mean  adjustment.  A  force  referred  to  any  other  adjustment  shall  not  differ 
by  more  than  10  percent  from  the  force  referred  to  the  mean  adjustment. 

3.5.3  Dynamic  characteristics.  The  response  of  the  control  surfaces  in  flight 
shall  not  lag  the  cockpit  control  force  ii'.puts  by  more  than  the  angles  shown 
in  table  XIV,  for  frequencies  equal  to  or  less  than  the  frequencies  shown  in 
table  XIV. 


TABLE  XIV.  Allowable  Control  Surface  Lags 


Level 

Allowable  Lag  -  Deg. 

Category  C 
Flight  Phase 

Category  A  ^  B 
Flight  Phase 

1  5  2 

30 

45 

60 

Control 


Elevator 


Upper  Frequency 
rad/sec 


a) 


»SP 


Rudder 

Aileron 


■Ovj  <"■ 


'A 


a 


(whichever  is 
larger) _ 


The  lags  referred  to  are  the  phase  angles  obtained  from  steady-state  frequency 
responses,  for  reasonably  large -amplitude  force  inputs.  The  lags  for  very 
small  control- force  amplitudes  shall  be  small  enough  that  they  do  not  inter¬ 
fere  with  the  pilot’s  ability  to  perform  any  precision  tasks  required  in 
normal  operation. 
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Alternate  methods  of  defining  acceptable  dynamic  characteristics  or 
the  magnitude  of  control  surface  lags  and  frequencies  at  which  the  lags  should 
be  determined  may  be  used  by  the  contractor  provided  substantiating  data  is 
supplied  to,  and  approval  is  obtained  from  the  procuring  activity, 

3.5.3. 1  Control  feel.  In  flight,  the  cockpit-control  deflection  shall  not 
lead  the  cockpit- control  force  for  any  frequency  or  force  amplitude.  This 
requirement  applies  to  the  elevator,  aileron,  and  rudder  controls.  In  flight, 
the  c^.ckpit-control  deflection  shall  no',  lag  the  cockpit  control  force  by  more 
than  the  angles  listed  in  3.5.3,  for  frequencies  equal  to  or  less  than  those 
listed  in  3.5.3,  for  reasonably  large  force  inputs.  The  lags  for  very  small 
control-force  amplitudes  shall  not  interfere  with  the  pilot's  ability  to  per¬ 
form  precision  tasks  required  in  normal  operation. 

3. 5. 3. 2  Damping.  All  control  system  oscillations  shall  be  well  damped,  unless 
they  are  of  such  an  amplitude,  frequency,  and  phasing  that  they  do  not  result 
in  objectionable  oscillations  of  the  cockpit  controls  or  the  airframe  during 
abrupt  maneuvers  and  during  flight  in  the  atmospheric  disturbances  specified 

in  3.7.3  and  3.7.4. 

3.5.4  Augmentation  systems.  Normal  operation  of  stability  augmentation  and 
control  augmentation  systems  and  devices  shall  not  introduce  any  objectionable 
flight  or  ground  handling  characteristics. 

3. 5. 4.1  Performance  of  augmentation  systems.  Performance  degradation  of  aug¬ 
mentation  systems  caused  by  atmospheric  disturbances,  limit  cycle,  and  coupling 
due  to  structural  vibrations  and  structural  modes,  shall  be  considered  when 
such  systems  are  used.  IVhen  considering  atmospheric  disturbances,  the  dis¬ 
turbance  of  3.7,3  and  3.7,4  should  prevail. 

3. 5. 4. 2  Saturation  of  augmentation  systems.  Limits  on  the  authority  of  the 
augmentation  systems,  or  saturation  of  equipment  shall  not  result  in  objection¬ 
able  flying  qualities.  In  particular,  this  requirement  shall  be  met  during 
rapid  large- amplitude  maneuvers,  during  operation  near  Vg,  and  during  flight 
in  the  atmospheric  disturbances  of  3.7.3  and  3.7.4. 

3.5.5  Failures .  If  the  flying  qualities  with  any  or  all  of  the  augmentation 
devices  inoperative  are  dangerous  or  intolerable,  special  provisions  shall  be 
incoirporated  to  preclude  a  critical  single  failure.  Failure-induced  transient 
motions  and  trim  changes  resulting  either  immediately  after  failure  or  upon 
subsequent  transfer  to  alternate  control  modes  shall  be  small  and  gradual 
enough  that  dangerous  flying  qualities  ncvei  result. 

3.5.5- 1  Failure  transients.  With  controls  free,  the  vehicle  motions  due  to 
failures  described  in  3.5.5  shall  not  exceed  the  following  limits  for  at  least 
2  seconds  following  the  failure,  as  a  function  of  the  Level  of  flying  qualities 
after  the  failure  transient  has  subsided; 
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Level  1  *0. 1  g  normal  or  lateral  acceleration  at  the 

(after  failure)  pilot's  statior  and  ±i  degree  per  second  in  roll 


Level  2  iO.5  g  at  the  pilot's  station, 

(after  failure)  ±5  degrees  per  second  r  11,  and  the  lesser  of 

±5  degrees  sideslip  or  the  structural  limits. 


Level  S  No  dangerous  attitude  or  structural  limit  is 

(after  failure)  reached,  and  no  dangerous  alteration  of  the 

flight  path  results  from  which  recovery  is 
impossible, 

3.5. 5. 2  Trim  changes  due  to  failures.  The  change  in  control  forces  required 
to  maintain  attitude  ai\d  sideslip  for  the  failures  described  in  3.1.5  shall 
not  exceed  the  following  limits  for  at  least  5  seconds  following  the  failure: 

Elevator  -  20  pounds 

Aileron  -  10  pounds 

Rudder  -  50  pounds 

3.5.6  Transfer  to  alternate  control  modes.  The  transient  motions  and  trim 
changes  resulting  from  the  intentional  engagement  and  disengagement  of  any 
portion  of  the  primary  flight  control  system  by  the  pilot  shall  be  small  and 
gradual  enough  that  dangerous  flying  qualities  never  result. 

3.5.6. 1  Transients.  With  controls  free,  the  transients  resulting  from  the 
situations  described  in  3.5.6  shall  not  exceed  the  following  limits  for  at 
least  2  seconds  following  the  transfer: 

Within  the  Operational  *0.1  g  normal  or  lateral  acceleration 

Flight  Envelope  at  the  pilot's  station  and  *i  degree 

per  second  roil 


Within  the  Service  *0.5  g  at  the  pilot's  station,  ±s 

Flight  Envelope  degrees  per  second  roll,  and  the  lesser 

of  *5  degrees  sideslip  or  the 
structural  limit 

These  requirements  apply  only  for  Vehicle  Normal  States. 

3.5.6. 2  Trim  c-hange.r.  The  change  in  control  forces  required  to  maintain  atti¬ 
tude  and  sideslip  for  the  situations  described  in  3.5.6  shall  not  exceed  the 
following  limits  for  at  least  5  seconds  following  the  transfer: 
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Elevator  -  20  pounds 

Aileron  -  10  pounds 

Rudder  -  50  pounds 

These  requirements  apply  only  for  Vehicle  Normal  States. 

3 . 6  Characteristics  of  secondary  control  systems. 


3.6.1  Trim  system.  In  straight  flight,  throughout  the  Operational  Flight 
Envelope  the  trimming  devices  shall  do  capable  of  reducing  the  elevator,  rudder, 
and  aileron  control  forces  to  zero  for  Levels  1  and  2.  For  Level  3,  the  un- 
trimmed  cockpit  control  forces  shall  not  exceed  10  pounds  elevator,  5  pounds 
aileron,  and  20  pounds  rudder.  The  failures  to  be  considered  in  applying  the 
Level  2  and  3  requirements  shall  include  trim  sticking  and  runaway  in  either 
direction.  It  is  perm. '^sible  to  meet  the  Level  2  and  Level  3  requirements 
by  providing  the  pilot  with  alternate  trim  mechanisms  or  override  capability. 
Additional  requirements  on  trim  rate  and  authority  are  contained  in  MIL-F-9490 
and  MIL -F- 18372. 


3.6. 1.1  Trim  for  asymmetric  thrust.  For  all  multi-engine  vehicles,  it  shall 
be  possible  to  trim  the  elevator,  rudder,  and  aileron  control  forces  to  zero 

in  straight  flight  with  up  to  two  engines  inoperative  following  asyt^metric  loss 
of  thrust  from  the  most  critical  factors  (3.3.9),  This  requirement  defines 
Level  1  in  level- flight  cruise  of  speeds  from  the  maximum  range  speed  for  the 
engine (s) -out  configuration  to  the  speed  obtainable  with  normal  rated  thrust 
on  the  1'  :tioning  engine(s).  Systems  completely  dependent  on  the  failed 
engines  shall  also  be  considered  failed. 

3. 6. 1.2  Rate  of  trim  operation.  Trim  devices  shall  operate  rapidly  enough  to 

enable  the  pilot  to^maintain  low  control  forces  under  changing  conditions  nor¬ 
mally  encountered  in  service,  yet  not  so  rapidly  as  to  cause  oversensitivity 
or  trim  precision  difficulties  under  any  conditions.  Specifically,  it  shall 
be  possible  to  trim  the  elevator  control  forces  to  less  than  +10  pounds  for 
center-stick  vehicles  and  +20  pounds  for  wheel-controlled  vehicles  through¬ 
out:  (a)  moderate  dives,  unpowered  or  powered  glides,  angle-of-attack  transi¬ 
tions,  and  other  maneuvers  that  may  be  required  in  normal  service  operation, 
and  (b)  level -flight  accelerations  at  maximum  thrust  from  250  knots  or 
whichever  is  less  to  at  any  altitude  when  the  vehicle  is  trimmed  for 

level  flight  prior  to  initiation  of  the  maneuver. 

3.6. 1.3  Stalling  of  trim  systems.  Stalling  of  a  trim  system  due  to  aero¬ 
dynamic  loads  during  maneuvers  shall  not  result  in  an  unsafe  condition.  Spec¬ 
ifically,  the  longitudinal  trim  system  shall  be  capable  of  operating  during 

the  dive  recoveries  of  3. 2. 3.6  at  any  attainable  permissible  ??  ,  at  any  possible 
position  of  the  trimming  device. 

3.6. 1.4  Trim  system  irreversibility.  All  trimming  devices  shall  maintain  a 
given  setting  indefinitely,  unless  changed  by  the  pilot,  by  a  special  automatic 
interconnect  such  as  to  the  landing  flaps,  or  by  tho  operation  of  an  augmenta- 
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tion  device.  If  an  automatic  interconnect  or  augmentation  device  is  used  in 
conjunction  with  a  trim  device,  provision  shall  be  made  to  ensure  the  accurate 
return  of  the  device  to  its  initial  trim  position  on  completion  of  each  inter¬ 
connect  or  augmentation  operation. 

3.6.2  Speed  and  flight-path  control  devices.  The  effectiveness  and  response 
times  of  the  fore-  and  aft- force  controls,  in  combination  with  the  other  longitu¬ 
dinal  controls,  shall  be  sufficient  to  provide  adequate  control  of  flight  path 
and  airspeed  at  any  flight  condition  within  the  Operational  Flight  Envelope. 

This  requirement  may  be  met  by  use  of  devices  such  as  throttles,  thrust  rever- 
sers,  auxiliary  drag  devices,  and  flaps.  For  an  unpowered  vehicle  in  the  land¬ 
ing  approach,  rn  auxiliary  drag  device  shall  be  provided  that  is  easily  and  con¬ 
tinuously  controllable  by  the  pilot  from  its  retracted  to  fully  extended  posi¬ 
tion.  The  drag  should  vary  reasonably  linearly  with  extension,  and  when  fully 
extended  it  must  be  capable  of  ^t  least  doubling  the  drag  cf  the  vehicle  during 
an  equilibrium  glide  at  a  speed  fc.  minimum  drag.  The  minimum  drag  and  speed 
for  minimum  drag  are  defined  for  the  vehicle  with  speed  and  flight  path  con¬ 
trol  devices  used  during  the  landing  approach,  including  landing  gear,  retracted. 

3.6.3  Transient  and  trim  changes.  The  transients  and  steady-state  trim  changes 
for  normal  operation  of  secondary  control  devic^.s  (such  as  throttle,  flaps, 
slats,  speed  brakes,  deceleration  devices,  dive  recovery  devices,  wing  sweep, 
and  landing  gear)  shall  not  impose  excessive  control  forces  to  maintain  the  de¬ 
sired  heading,  altitude,  attitude,  rate  of  climb,  speed  or  load  factor  without 
use  of  the  trimmer  control.  This  requirement  applies  to  all  in-flight  configura¬ 
tion  changes  and  combinations  of  changes  made  under  service  conditions,  includ¬ 
ing  the  effects  of  asymmetric  operations  such  as  unequal  operation  of  landing 
gear,  speed  brakes,  slats,  or  flaps.  In  no  case  shall  there  by  any  objection¬ 
able  buffeting  or  oscillation  of  such  devices.  More  specific  requirements  on 
secondary  control  devices  are  contained  in  3. 6. 3.1,  3.6.4,  and  3.6,5  and  in 
MIL-F-9490  and  MIL- F- 18372. 

» 

3.6.3. 1  Pitch  trim  changes.  The  pitch  trim  changes  caused  by  operation  of 
secondary  control  devices  shall  not  be  so  large  that  a  peak  elevator  control 
force  in  excess  of  10  pounds  for  center-stick  controllers  or  20  pounds  for  wheel 
controllers  is  required  when  such  configuration  changes  are  made  in  flight  under 
conditions  representative  of  operational  procedure.  Conditions  will  be  estab¬ 
lished  by  the  procuring  activity  for  deteimination  of  compliance  with  this  re¬ 
quirement.  With  the  vehicle  trimmed  for  each  specified  initial  condition,  the 
peak  force  required  to  maintain  the  specified  parameter  constant  following  the 
specified  configuration  change  shall  not  exceed  the  stated  value  for  a  time 
interval  of  at  lea.st  5  seconds  following  the  completion  of  the  pilot  action 
initiating  the  configuration  change.  Tlie  magnitude  and  rate  of  trim  change 
subsequent  to  this  time  period  shall  be  such  that  the  forces  are  easily  trim- 
mable  by  use  of  the  normal  trimming  devices.  These  requirements  define  Level 
1.  For  Levels  2  and  3,  the  allowable  forces  are  increased  by  50  percent. 

3.6.4  Auxiliary  dive  recovery  devices.  Operation  of  any  auxiliary  device  in¬ 
tended  solely  for  dive  recovery  shall  always  produce  a  positive  increment  of 
normal  acceleration,  but  the  total  normal  load  factor  shall  never  exceed  0.8 
T7^,  controls  free. 
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3.6.5  Direct  nonnal-force  control.  Use  of  devices  for  direct  nomal-force 
control  shall  not  produce  obiectionable  changes  in  attitude  for  any  amount  of 
control  up  to  the  maximum  available.  This  requirement  shall  be  met  for  Levels 
1  and  2. 


3 . 7  Atmospheric  disturbances. 

3.7.1  Use  of  turbulence  models.  Paragraphs  3.7.2  through  3.7.5  specify 
continuous  turbulence  models  and  a  discrete  turbulence  model  that  shall  be 
used  in  analyses  to  determine  compliance  with  those  requirements  of  this 
specification  that  refer  to  3.7  explicitly,  to  assess: 

a.  The  effect  of  turbulence  on  the  flying  qualities  of  the  vehicle 

b.  The  ability  of  a  pilot  to  recover  from  the  effects  of  discrete  gusts 

3.7.2  Turbulence  models.  Where  feasible,  the  von  Karman  form  shall  be 

used  for  the  continuous  random  turbulence  model,  so  that  the  flying  qualities 
analyses  will  be  consistent  with  the  comparable  structural  analyses.  When  no 
comparable  structural  analysis  is  performed  or  when  it  is  not  feasible  to  use 
the  von  Karman  form,  use  of  the  Dryden  form  will  be  permissible,  in  general, 
both  the  continuous  random  model  and  the  discrete  model  shall  be  used.  At 
the  request  of  the  procuring  activity,  the  contractor  may  be  required  to  use 
a  continuous  non-Gaussian  model  for  one  or  more  of  the  turbulence  velocities 
in  lieu  of  the  models  defined  in  .3. 7. 2.1  and  3. 7. 2. 2.  The  scales  and  intensities 
used  in  determining  the  gust  magnitudes  for  the  discrete  model  shall  be  the 
same  as  those  used  in  the  continuous  random  model. 

3.7. 2.1  Continuous  random  model  (von  Karman  form) .  The  von  Karman  form  of 
the  spectra  for  the  turbulence  velocities  is: 


3. 7. 2. 2 
for  the 
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Continuous  random  mode]  (Dryden  form) .  The  Dryden  form  of  the  spectra 
turbulence  velocities  is: 
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5* 7. 2. 3  Non-Gaussian  models  (vor.  Karman  or  Dryden  form") .  The  contractor  may 
be  required  to  use  a  non-Gaussian  model  for  one  or  more  of  the  turbulence 
velocities  when  such  representation  seems  advisable  for  a  more  realistic 
simulation  of  turbulence,  especially  at  lower  altitudes.  Non-Gaussian  models 
may  be  especially  advisable  for  vehicles  with  large  roll  acceleration  due  to 
sideslip.  The  turbulence  model  in  such  cases  will  be  selected  by  consultation 
between  the  contractor  and  the  procuring  activity. 

3 *7. 2. 4  Discrete  model.  The  discrete  turbulence  model  may  be  used  for  any 
of  the  three  gust-velocity  components.  The  discrete  gust  has  the  "1  -  cosine" 
shape: 
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Several  vali’es  of  dyr,  shall  be  used,  each  chosen  so  that  the  gust  is  tuned  to 
each  of  the  natural  frequencies  of  the  vehicle  and  its  flight  control  system 
(higher- frequency  structural  modes  may  be  expected).  The  magnitude  shall 
then  be  chosen  from  figure  7.  The  parameters/,  and  o’  to  be  used  with  figure  7 
are  the  Dryden  scales  and  intensities  from  3.7,3  or  3.7,4  for  the  velocity 
component  under  consideration. 

3.7.3  Scales  and  intensities  (clear  air  turbulence).  The  root -mean -square 
intensity  for  clear  air  turbulence  is  defined  on  figure  8  as  a  function  of 
altitude.  The  intensities  and  <5y-  may  be  obtained  using  the  relationships 


jC  '2.  3 

°u  6tr  _  6u/  (von  Karman  form) 

"^7  "  ~  (Dryden  form) 

The  root -mean- square  intensity  o  for  clear  air  turbulence  as  defined  on 
figure  8  may  be  reduced  for  an  experimental  vehicle.  The  degree  reduction 
will  be  determined  by  consultation  between  the  contractor  and  the  procuring 
activity. 


The  scales  for  clear  air  turbulence  are  defined  in  3.7.3. 1  and 
3. 7. 3. 2  as  a  function  of  altitude.  Th''  altitude  shall  be  defined  consistently 
with  any  applicable  terrain  models  specified  in  the  contract.  For  those 
Flight  Phases  involving  climbs  and  descents,  a  single  set  of  scales  and 
intensities  based  on  an  average  altitude  may  be  used.  If  an  average  set  of 
scales  and  intensities  is  used  for  Category  C  Flight  Phases,  it  shall  be  based 
on  an  altitude  of  500  feet. 

3. 7. 3.1  Clear  air  turbulence  (von  Karman  scales).  The  scales  for  clear  air 
turbulence  using  the  von  Karman  form  are: 

above  h  =  2500  feet:  =  !.^=  2500  feet 

Below  h  =  2500  feet:  h  feet 

=  L^=  184  h^^^  feet 

3. 7. 3.2  Clear  air  turbulence  (Dryden  scales).  The  scales  for  clear  air 
turbulence  using  the  Dryden  form  are: 

Above  h  =  1750  feet:  =  L^=  L^=  1750  feet 

Below  h  =  1750  feet:  =  h  feet 

L^=  145  h^^'^ 

D  f 


feet 


ROOT-MEAN-SQUARE  GUST  INTENSITY,  NORMAI.IZEO  DISCRETE  GUST  MAGNITUDE 


NORMALIZED  DISCRETE  GUST  LENGTH  ^  ^  ^ 

‘■V  ‘-Mr 


Figure  7  MAGNITUDE  OF  DISCRETE  GUSTS 


ALTITUDE  ABOVE  MEAN  TERRAIN  LEVEL,  h*- FT 


Figure  8  INTENSITY  FOR  CLEAR  AIR  TURBULENCE 
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3.7.4  Scales  and  intensities  (thunderstorm  turbulence).  The  root -mean-square 

intensities  cs^  ,  ,  and  cr^  are  all  equal  to  21  feet  per  second  for  thunder¬ 

storm  turbulence.  The  scales  for  thunderstorm  turbulence  are  defined  in 

3. 7. 4.1  and  3. 7. 4. 2.  These  values  are  to  be  used  when  evaluating  the  airplane's 
controllability  in  severe  turbulence,  but  need  not  be  considered  for  altitudes 
above  40,000  feet. 

Thunderstorm  turbulence  is  not  a  consideration  for  Class  III  (E)  and 
IV  (E)  vehicles. 

3.7.4. 1  Thunderstorm  turbulence  (von  Karman  scales').  The  scales  for  thunder¬ 
storm  turbulence  using  the  von  Karman  form  are  L^=  2S00  feet. 

3. 7. 4. 2  Thunderstorm  turbulence  (Dryden  scales).  The  scales  for  thunderstorm 

turbulence  using  the  Dryden  form  are  ~  ^cer~  feet. 

3.7.5  Application  of  the  turbulence  models  in  analysis.  The  gust  velocities 
shall  be  applied  to  the  vehicle  equations  of  motion  through  the  aerodynamic 
terms  only,  and  the  direct  effect  of  the  gust  on  the  aerodynamic  sensors  shall 
be  included  when  such  sensors  are  part  of  the  vehicle  augmentation  system. 

When  using  the  discrete  model,  all  significant  aspects  of  the  penetration  of 
the  gust  by  the  vehicle  shall  be  incorporated  in  the  analyses.  Application  of 
the  continuous  random  model  or  the  continuous  non-Gaussian  model  depends  on  the 
range  ot  frequencies  of  concern  in  the  analyses  of  the  airframe.  When  structural 
modes  are  significant,  the  exact  distribution  of  the  gust  velocities  over  the 
airframe  should  be  considered,  ,‘^or  this  purpose,  it  is  acceptable  to  consider 

and  as  being  one-dimensional  functions  only  of  ^  ,  but  sha'l  be 
considered  two-dimensional,  a  function  of  both  and  y  ,  for  tne  evaluation  of 
aerodynamic  forces  and  moments.  'When  structural  modes  are  not  significant, 
airframe  rigid-body  responses  may  be  evaluated  by  considering  uniform  gust 
immersion  along  with  linear  gradients  of  the  gust  velocities.  The  uniform 
immersion  is  accounted  for  by  ,  and^  defined  at  the  vehicle  center  of 

gravity.  The  angular  velocities  due  to  the  turbulence  are  equivalent  in  effect 
to  the  vehicle  angular  velocities.  These  angular  velocities  are  defined 
(precisely  at  very  low  frequencies  onlyl  as  follows: 
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where  b  =  wing  span 


The  tu! I'itleiu.e  vt.ccilies  >  ‘fg  >  applied  to 

tho  airplane  equa^^ions  of  motion  through  the  aerodynamic  terms.  For 
longitudinal  anal>:ies  U-g  ,  u/g  ,  and  gusts  should  be  employed.  For  lateral- 
directional  analyses  Vg^ ,  ,  and  should  be  used,  'fhe  gust  velocities 

.lomponents  u-g  ,  ,  anu  shaJ  1  be  considered  mutually  independent  and 

’  is  correlcited  with  v'g  The  rolling  velocity  gust  is  statistically  inde¬ 
pendent  of  all  the  other  gust  components.  “ 


After  consultation  with  the  contractor,  the  procuring  activity  may 
require  that  a  non-Gaussian  gust  model  be  u./eJ  tor  one  or  more  of  the  gust 
velocities  in  the  simulation,  when  "patchy''  turbulence  may  be  an  important 
consideration  for  lifting  re-entry  vehicle  configurations.  A  simplified  gust 
representation,  such  as  the  effects  of  gusts  on  only  ^6  and  ^  ,  will  be  accepted 
when  justification  can  be  supplied  by  the  contractor  to  the  procuring  activity 
that  such  simplification  adequately  accounts  for  the  important  gust  effects  on 
the  vehicle  flying  qualities. 


4.  QUALITY  ASSURANCE 

4.1  Compliance  demonstration.  Quality  assurance  shall  be  determined  through: 

Analysis 
Simulation 
Ground  test 
Flight  test 

The  contract  end  item  specification  for  each  procurement  will  delineate,  for 
each  requirement  of  Section  3,  which  of  these  methods  shall  be  used.  The 
extent  to  which  compliance  will  be  determined  by  flight  test  will  be  a  function 
of  the  vehicle  flight  time  or  endurance  during  various  Flight  Phases.  Emphasis 
on  compliance  during  flight  tests  will  be  placed  on  vehicles  and  Flight  Phases 
with  adequate  flight  time  for  testing.  For  an  unpowered  vehicle,  compliance 
with  many  requirements  will  be  determined  'luring  glide  and  gliding  turns.  Wl>en 
speed  is  to  be  held  constant,  constant  indicated  airspeed  in  glides  and  gliding 
turns  will  be  accepted  in  lieu  of  equilibrium  flight  at  constant  speed  and 
altitude.  Requirements  associated  with  variations  from  one  equivalent  speed  to 
another  at  constant  altitude  will  be  applicable  (within  certain  altitude  and 
attitude  limitations)  to  glide  and  gliding  turns  from  one  indicated  airspeed  to 
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another,  in  order  to  restrict  the  number  of  design  and  test  conditions,  rcfire- 
sentative  flight  condlLlons,  configurations,  external  store  complements,  loadings, 
etc.,  shall  be  detcriined  for  detailed  investigation.  The  selected  design 
points  must  be  sufficient  to  allow  accurate  extrapolation  to  the  other  conditions 
at  which  the  rcoui remonts  aDoly.  The  required  failuio  analysis  shall  be  thorough 


analysis  are  accepted  and  a->’'roved  by  the  procuring  act'Vity.  An  auuirionai 
exception  is  approved  Special  failure  States  ( .  i .  6 . 7 .  ■  1  . 

4 . 2  Vehicle  states. 

4.2.1  Weight?  and  moments  of  inertia.  Selected  desig.i  points  should  include 
conditions  of  heaviest  weight  and  greatest  moment  of  iiiertia.  "Heaviest  weight" 
and  "greatest  moment  of  inertia"  moan  the  heaviest  and  greatest  consistent 

with  3.1.2  and  3.1.3.  When  a  critical  cent er-of-gra\  i f y  position  is  identified, 
the  vehicle  weight  and  associated  moments  of  i  ;erli'i  shall  correspond  to  the 
most  adveisc  service  loading  in  which  that  critical  :e;u er-o<'-gravi ty  position 
is  obtained. 

4.2.2  Center-of-grav ity  positions .  Selected  design  points  should  include 
most  forward  and  most  aft  c.g.  points  that  are  consistent  with  3.1.2.  When 
a  critical  weight  or  moment  of  inertia  is  identified,  the  cenier-of-gravity 
position  shall  correspond  to  the  most  adverse  service  loading  in  which  the 
critical  weight  or  mcment  of  inertia  is  obtained. 

4.2.3  Thrust  settings.  When  the  vehicle  is  powered,  thrust  settings  fur 
selected  design  conditions  shall  be  established  by  agreement  between  the 
procuring  activity  and  the  contractor.  Similarly,  nominal  settings  of  drag 
devices  sliall  be  established  for  unpowered  vehicles. 

4 . 3  Design  and  tost  conditions. 

4.3.1  Alti tudes .  for  the  terminal  Flight  Phases  of  the  vehicle  witn  an  onboard 
propulsion  system  for  sustained  flight,  it  will  nonnally  .suffice  to  examine 
selected  Vehicle  States  at  only  one  altitude  below  10,000  feet  {low  altitude). 
For  nonterminal  Flight  Phases  of  the  vehicle  with  an  onboard  piopulsion  system 
for  sustained  flight,  it  will  nonnally  suffice  to  examine  the  selected  Vehicle 
States  at  one  altitude  below  10,000  feet  or  at  the  lowest  operational  altitude 
(low  altitude),  the  maximum  operation.ai  altitude  fhomax)’  intermediate 

altitude.  When  the  maximum  operational  altitudv"*  is  above  40,000  feet  or  when 
stability  or  control  characteristics  vary  rapidly  with  altitude,  more  inter¬ 
mediate  altitudes  shall  be  investigated.  When  the  Service  Flight  I',nvelope 
extends  far  above  or  below  the  Operational  Flight  iaivelope.  the  service-altitude 
extremes  must  be  considered.  For  an  anpowered  vehicle,  the  terminal  and  non¬ 
terminal  l-light  Phases  shall  be  explored  at  altitudes  as  they  occur  during  glide 
and  gliding  turns  to  touclidown. 


4.3.2  Special  conditions.  In  addition  to  the  flight  conditions  previously 
indicated,  the  speed-altitude  combinations  that  result  in  the  following  shall 
all  be  investigated,  where  applicable  and  possible: 

a.  Maximum  normal  acceleration  vespon.f  •  per  degree  of  elevator 
deflection 

b.  Maximum  normal  acceleration  response  per  pound  of  stick  force 

c.  Highest  dY"amic  pressure  and  hignest  Mach  number 

d.  Lowest  dynamic  pressure  and  lowest  Mach  number 

e.  Highest  angle  of  attack. 

f.  Lowest  angle  of  attack 

g.  Most  critical  angle  of  attack  condition  as  determined  by  mutual  agree¬ 
ment  between  the  contractor  and  procuring  activity. 

4.4  Interpretation  of  qualitative  requirements.  In  several  instances  through¬ 
out  the  specification,  qualitative  terms  such  as  '*objecti enable  flight  charac¬ 
teristics",  "realistic  time  delay",  and  "normal  pilot  technique",  have  been 
employed  to  permit  latitude  where  absolute  quantitative  criteria  might  be  unduly 
restrictive,  final  determination  of  compliance  with  requirements  so  worded  will 
be  made  by  the  procuring  activity  (1.5), 

5.  PREPARATION  FOR  DELIVERY 

5.1  General .  Not  applicable  to  this  specification. 

6.  NOTES 

6.1  Intended  use.  This  specification  contains  the  handling  qualities  re¬ 
quirements  for  lifting  re-entry  vehicles  during  terminal  flight  at  low  super¬ 
sonic,  transonic,  and  subsonic  speeds  and  forms  one  of  the  bases  for  deter¬ 
mination  by  the  procuring  activity  of  vehicle  acceptability.  The  specifica¬ 
tion  serves  as  design  requirements  and  as  criteria  for  use  in  stability  and 
control  calculations,  analysis  of  wind-tunnel  test  results,  flying  qualities 
simulation  tests,  and  flight  testing  and  evaluation.  The  requirements  are 
intended  to  assure  adequate  flying  qualities  regardless  of  design  implementa¬ 
tion  or  flight  control  system  mechanization.  To  the  extent  possible,  this 
specification  should  be  met  by  providing  an  inherently  good  basic  vehicle. 

Where  that  is  not  entirely  feasible,  or  where  inordinate  penalties  would 
result,  a  mechanism  is  provided  herein  to  assure  that  the  flight  safety,  fly¬ 
ing  qualities  and  reliability  aspects  of  dependence  on  stability  augmentation 
and  other  forms  of  system  complication  will  be  considered  fully. 

6.2  De finitions .  Terms  and  '.ynibols  used  throughout  this  specification  are 
defined  as  follows: 
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6.2. i  General 


Axis  system 


S 

s 

q 

T 
•  o 


Unless  otherwise  stated,  the  motion,  load  factor 
and  similar  quantities  are  referred  to  an  orthogonal 
body-axis  system  with  its  origin  at  the  airplane 
c.g. ,  with: 

X  along  the  projection  of  the  undisturbed  ftrim  or 
operating  point)  velocity  onto  the  plane  of  ..ymmetry 

y  perpendicular  to  the  plane  of  symmetry,  directed 
out  the  right  wing 

2  completing  a  right-hand  axis  system. 

Wing  area 

Laplace  transform  variable 
dynamic  pressure 

time  to  double  amplitude;  7^  =  for  oscilla¬ 

tions  ,7^  =  -.GqSTT  for  first-order  divergences 


h 


max 


maximum  service  altitude  (defined  in  .^.1.8.3) 


^®max 

'‘Offlin 

c.g. 


6.2.2  Speeds 
Equivalent  airspeed  - 


maximum  operational  altitude  (3.1.7) 
minimum  operational  rltitude  (3.1.7) 
vehicle  center  of  gravity 


true  airspeed  multiplied  by  ,  where  a  is  the 

ratio  of  free-stream  density  at  the  given  altitude 
to  standard  sea-level  air  density 


Refusal  speed  ••  the  maximum  speed  to  which  the  vehicle  can  accel¬ 

erate  and  then  stop  in  the  available  runway  length 


M 


Mach  number 


V  -  airspeed  (where  appropriate,  V  may  bo  replaced 

by  M  in  this  specification),  along  the  flight 
path 

Vg  -  stall  speed  (equivalent  airspeed),  at 

normal  to  the  flight  path,  defined  as  the  highest 
of ; 
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speed  for  stea>’.’  straight  flight  at 
the  first  local  maximum  cf  the  curve  of 
lift  coefficient  (L/qS)  vs.  angle  cf 
attack  which  occurs  as  is  increased 
from  zero 

speed  at  which  abrupt  uncontrollable  pitching, 
rolling  or  yawing  occurs;  i.e.,  loss  of  con¬ 
trol  about  a  single  axis 

speed  at  which  intolerable  buffet  or  structural 
vibration  is  encountered 

(Note  that  3. 1.9. 2.1  allows  an  alternative  defini¬ 
tion  of  in  some  cases) 

short-hand  notation  for  the  speeds  Vg,  V^in,  V^ax 
for  a  given  configuration,  weight,  center-of- 
gravity  position,  and  external  store  combina¬ 
tions  associated  with  Flight  Phase  X.  For 
example,  the  designation  Vj^axCTO)  is  used  in 
3. 2. 3. 3. 2  to  emphasize  that  the  speed  intended  (for 
the  weight,  center  of  gravity,  and  external  store 
combination  under  consideration)  is  V^ax  for  tbe 
configuration  associated  with  the  takeoff  Flight 
Phase.  This  is  necessary  to  avoid  confusion,  since 
the  configuration  and  Flight  Phase  cnange  from 
takeoff  to  climb  during  the  maneuver. 

speed  for  maximum  lift-to-drag  ratio 

speed  for  maximum  rate  of  climb 

high  speed,  level  flight,  normal  rated  thrust 

high  speed,  level  flight,  military  rated  thrust 
high  speed,  level  flight,  maximum  augmented  thrust 
maximum  service  speed  (defined  in  3.1.8  1) 
ininimuir,  service  speed  (defined  in  3. 1.8. 2) 
maximum  operational  speed  (3.1.7) 
minimum  operational  speed  (3.1,7) 


6.2.3  Thrust  and  Boost 
NRT 

MRT 

MAT 

Takeoff  thrust 

Powered  boost 

6.2.4  Control  parameters 

Elevator,  aileron, 
rudder  controls 

Elevator  control 
force 

Aileron  control 
f 'rce 


Ruuder  pedal  force 


normal  rated  thrust,  whicli  i.;  ihe  m.i.xi uui.n  Itin.-’.t 
at  whicli  the  engine  can  be  opei'<ilc..l  com  i  imous  !;■ 

military  rated  tlirubt,  uliicli  is  the  m.ixiiiiii;a 

at  which  the  engine  can  be  opeiatc.i  i'or  a  sptcifitd 

period 

maximum  auginonied  thrust;  m.i.xiiiium  thru,  i  ,  a  g- 
mented  by  all  means  availal-lo  for  the  l  iigiit 
Phase 

maximum  thrust  available  for  takeoff 

Tlie  boost  with  power  t light  phase  ef  a  snigie  stag, 
e.xperimental  vehicle  which  occurs  just  after  launch 
of  the  vehicle  fi-om  another  aircraft. 


The  stick  or  wheel  and  rudder  pedals  inanipnlated 
by  the  pilot  to  produce  pitching,  rolling,  and  yaw¬ 
ing  moment  respectively;  the  cockpit  controls 

Component  of  applied  force,  exerted  b\  the  )i lot 
on  the  cockpit  control,  in  or  para ii el  "o  ta^ 
plane  of  symmetr>-,  acting  at  the  center  of  the 
stick  grip  or  wheel  in  a  direction  perpendicular  to 
a  line  between  the  center  of  the  stick  grip  or 
wheel  and  the  stick  or  control  column  pivot. 

For  a  sticl  control,  the  component  of  control 
force  exerted  by  the  pilot  in  a  plane  perpendicular 
to  the  plane  of  symmetry,  acting  at  the  center  of 
the  stick  grip  in  a  direction  perpendicular  to  a 
line  between  the  center  of  the  stick  grip  and  the 
stick  pivot. 

For  a  wheel  control,  the  total  moment  applied  by 
the  pilot  about  the  wheel  axis  in  the  piano  of 
the  wheel,  divided  by  the  average  radius  from 
the  wheel  pivot  to  the  pilot's  grip. 


Difference  of  push-force  components  of  torces 
exerted  by  the  pilot  on  the  rudder  pedals,  lying 
in  planes  parallel  to  the  plane  of  syimnetry, 
measured  peipendicular  to  the  pedals  at  the  normal 
point  of  application  of  the  pilot's  instop  on  the 
respective  rudder  pedals 
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Control  surface 


Direct  normal 
force  control 


Control  power 


A  devj.ce  such  as  an  external  surface  v;hich  is 
positioned  by  a  cockpit  control  or  stability  aug¬ 
mentation  to  produce  aerodynamic  or  jet-reaction 
type  forces  for  controlling  the  attitude  of  the 
vehicle.  As  used  in  this  specification  the  elevator 
surface,  aileron  surface,  and  rudder  surface  are 
the  control  surfaces  or  devices  which  are  controlled 
by  the  stick  or  wheel  and  rudder  pedals,  and  auto¬ 
matically  by  stability  augmentation  systems. 

A  device  producing  direct  normal  force  for  the 
primary  purpose  of  controlling  the  flight  path 
of  the  vehicle.  Direct  normal  force  control  is 
the  descriptive  title  given  to  the  concept  of 
directly  modulating  the  normal  force  on  a  vehicle 
by  changing  its  lifting  capabilities  at  a  con¬ 
stant  angle  of  attack  and  constant  airspeed  or 
by  controlling  the  normal  force  component  of  such 
items  as  jet  exhau.sts. 

Effectiveness  of  control  surfaces  in  applying 
forces  or  moments  to  a  vehicle.  For  example,  50% 
of  available  aileron  control  power  is  50%  of  the 
maximum  rolling  moment  that  is  available  to  the 
pilot  with  allowable  aileron  control  force. 


6.2.5  Longitudinal  parameters 


n 


n 


L 


max 


min 


damping  ratio  of  the  short-period  oscillation 

undamped  natural  frequency  of  the  short-period 
oscillation 

damping  ratio  of  the  phugoid  oscillation 

undamped  natural  frequency  of  the  phugoid  oscilla 
t'on 


normal  acceleration  or  normal  load  factor, 
measured  at  the  c.g. 

symmetrical  flight  limit  load  factor  for  a  given 
Vehicle  Normal  State,  based  on  structural  con¬ 
siderations 

maximum  and  minimum  Service  load  factors 
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n(+),  n(-) 


"^Omax’  ”°min 

no(-  ) 


for  a  given  altitude,  the  upper  and  lower 
boundaries  of  n  in  the  V-n  diagranis  depicting  tic 
Service  Flight  Envelope 

maximum  and  minimum  operational  load  factors 

for  a  given  altitude,  the  upper  and  lower 
boundaries  of  n  in  the  V-n  diagrams  lepicting  the 
Operational  Flight  Envelope 


oc  -  angle  of  attack;  the  angle  in  the  plane  of  symmetry 

between  the  fuselage  reference  line  and  the  tangent 
to  the  flight  path  at  the  vehicle  center  of  gravity 

0^  -  the  stall  angle  of  attack  at  constant  speed  for 

the  configuration,  weight,  center-of-gravity  position 
and  external-store  combination  associated  with  a 
given  Vehicle  Normal  State;  defined  as  the  lowest 
of  the  following: 

a.  Angle  of  attack  for  the  highest  steady  load 
factor,  normal  to  the  flight  path,  that  can 
be  attained  at  a  given  speed  or  Mach  number 
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b.  Angle  of  attack,  for  a  given  speed  or  Mach 
number,  at  which  abrupt  uncontrollable  pitch¬ 
ing,  rolling  or  yawing  occurs,  i.e.,  loss  of 
control  about  a  single  axis 

c.  Angle  of  attack,  for  a  given  speed  or  Mach 
number,  at  which  intolerable  buffeting  is 
encountered 

d.  An  arbitrary  angle  of  attack  allowed  by 
3. 1.9.2. 1 


Fs/n 


r 

L 


the  steady-state  normal  accelei'ation  change  per 
unit  change  in  angle  of  attack  for  an  incremental 
elevator  deflection  at  constant  speed  (airspeed 
and  Mach  number) 


gradient  of  steady-state  elevator  control  force 
versus  n  at  a  constant  speed  (3. 2. 2. 2.1) 


flight  path  angle,  Tf  -  sin"^ 
positive  for  climbing  flight 


vertical  speed 
true  airspeed 


> 


aerodynamic  lift  plus  thrust  component,  normal 
to  the  flight  path 


Flare  time  -  For  an  unpowered  vehicle  during  landing,  the  time 

from  the  initiation  of  flare  to  the  completion  of 
flare.  Flare  is  initiated  by  pulling  g*s  from  an 
equilibrium  glide.  Flare  is  completed  when  the 
flight  path  angle  is  near  zero  {,T »  0  )  at  an 
altitude  no  greater  than  50  feet  above  ground  level. 


Float  time  -  For  an  unpowered  vehicle,  the  time  from  the  com¬ 

pletion  of  the  landing  flare  to  touchdown. 

6.2.6  Lateral-directional  parameters 

-  displacement  of  the  aileron  control  stick  or 
wheel  along  its  path 

Tg  -  first-order  roll  mode  time  constant,  positive  for 

stable  mode 

^  -  first-order  spiral  mode  time  constant,  positive 

*  for  stable  mode 


0 

“Pose 


^osc. 


fi 


undampctl  natural  frequency  of  the  Dutch  roll 
os  Cl  nation 

damping  ratio  of  the  Dutch  roll  oscillation 

bank  angle  measured  in  the  y-z  plane,  between 
the  y  axis  and  the  horizontal  (6.2.1) 

bank  angle  change  in  time  t,  in  response  to  con¬ 
trol  deflection  of  the  form  given  in  3.5.4 

roll  rate  about  the  x-axis  (6.2.1) 


a  measure  of  the  ratio  of  the  oscillatory  com¬ 
ponent  of  roll  rate  to  the  average  component  of 
roll  rate  following  a  ruddor-pedals-free  step 
aileron  control  command: 

^  -Pav  Pf  *  2^2 


pAr 


PrP2 

Pi  i-fZ 


where  pj,  P2>  Pj  rates  at  the  first,  ’ 

second  and  third  peaks,  respectively  (see  figures 
9  and  10) 


a  measure  of  the  ratio  of  the  oscillatory  component 
of  a  bank  angle  to  the  average  component  of  bank 
angle  following  a  ruddcr-pedals-frec  impulse 
aileron  control  command: 

y  .c 

sj  -  ^  0,*  0y  f  20^ 

>  0,2’y 

0AV  0,i-0z 

where  0,  ,  0^  and  0^  are  bank  angles  at  the  first, 
second  and  third  peaks,  respectively 

sideslip  angle  at  the  center  of  gravity,  angle  be¬ 
tween  undisturbed  flow  and  plane  of  symmetry. 
Positive,  or  right,  sideslip  corresponds  to 
incident  flow  approaching  from  the  right  side 
of  the  plane  of  symmetry. 
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maximum  sideslip  excursion  at  the  c.g.,  occurring 
within  two  seconds  or  one  half-period  of  the 
Dutch  roll,  whichever  is  greater,  for  a  step 
aileron-control  command 

ratio  of  "commanded  roll  performance"  to  "applicable 
roll  performance  requirement"  of  3.3.4  or  3. 3. 4.1, 

yyhere: 

a.  "Applicable  roll  performance  requirement", 

(  )  requirement*  is  determined  from  3.3.4 

and  3. 3.4. I  for  the  Class,  Flight  Phase 
Category  and  Level  under  consideration 

b.  "Commanded  roll  performance",  (  0^  )  command* 
is  the  bank  angle  attained  in  the  stated  time 
for  a  given  step  aileron  command  with  rudder 
pedals  employed  as  specified  in  3.3.4  and 
3.3.4. 1 


command 


requirement 


time  for  the  Dutch  roll  oscillation  in  the  sideslip 
response  to  reach  the  n^h  local  maximum  for  a  right 
step  or  pulse  aileron- control  command,  or  the  n^K 
local  minimum  for  a  left  command.  In  the  event  a 
step  control  input  cannot  be  accon5)lished,  the  con¬ 
trol  shall  be  moved  as  abruptly  as  practical  and, 
for  purposes  of  this  definition,  time  shall  be 
measured  from  the  instant  the  cockpit  control  de¬ 
flection  passes  through  half  the  amplitude  of  the 
commanded  value.  For  pulse  inputs,  time  shall  be 
measured  from  a  point  halfway  through  the  duration 
of  the  pulse. 

phase  angle  in  a  cosine  representation  of  the 
Dutch  roll  component  of  sideslip  -  negative  for  a 
lag 

^  ^  t„  -f  (?7- 0  360  (.degrees) 


with  n  as  in 


above 


phase  angle  between  roll  rate  and  sideslip  in  the 
free  Dutch  roll  oscillation.  Angle  is  positive 
when  leads  0 

I  0 1  -  at  any  instant,  the  ratio  of  amplitudes  of  the 

bank-angle  and  sideslip-angle  envelope  in  the 
Dutch  roll  mode 

i;xamplcs  showing  measurement  of  roll-sideslip  coupling  parameters  arc  given  in 
figure  9  for  right  rolls  and  figure  10  for  left  rolls.  Since  several  oscilla¬ 
tions  for  the  Dutch  roll  are  required  to  measure  these  parameters,  and  since 
for  proper  identification  large  roll  latos  and  bank  angle  changes  must  gener¬ 
ally  be  avoided,  for  flight  test,  stop  aileron  inputs  should  generally  be  small. 
It  should  be  noted  that  since  ^  is  the  phase  angle  of  the  Dutch  roll  com¬ 
ponent  of  sideslip,  care  must  be  taken  to  select  a  peak  far  enough  downstream 
that  the  position  of  the  peak  is  not  influenced  by  the  roll  mode.  In  practice, 
peaks  occurring  one  or  two  roll  mode  time  constants  after  the  a.lero"  input 
will  be  relatively  undistorted.  Care  must  also  be  taken  when  there  is  ramping 
of  the  sideslip  trace,  since  ramping  will  displace  the  position  of  a  peak  of 
the  trace  from  the  corresponding  peak  of  the  Dutch  roil  component.  In  prac¬ 
tice,  the  peak;  of  the  Dutcti  roll  component  of  sideslip  are  located  by  first 
drawing  a  line  through  the  ramping  portion  of  the  sideslip  trace  and  then 
noting  the  times  at  which  the  vertical  distance  between  the  line  and  the  side¬ 
slip  trace  is  the  greatest.  (J.oe  following  sketch  for  Case  (a)  of  figures  9 
and  10, ) 
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M&/UC 


Mt/Mt 


Since  the  first  local  inaximum  of  the  Dutch  roll  component  of  the  sideslip  re-' 
sponse  occurs  at  t  =  2.9S  seconds, 


y/  t  ^(p.i)5€^  ^Z^{Z.^5)=.  -303* 

y  Td  3-5^ 

Let  us  assume  that  the  roll  performance  requirement,  upon  which  the  parameter 
"  ic.  "  in  the  sideslip  excursion  requirement  (figure  6)  is  based,  is  0i  =  30 
degrees  in  1  second  with  rudder  pedals  free  (as  in  tne  rolls  of  3. 3. 2. 4).  From 
the  definitions,  "  "  for  this  condition  is: 

^  command 

c  =  —);r\ - 


-360 


command 


Therefore,  from  figures  9  and  10  for: 

Case  (a),  'h  ^  —  =.0.30 
30 


'requirement 


Case  (c) 


t6  =  ±1®  =  0.Z3 
30 


Case  (b) ,  -jt  =  =  0.27  C 

30 

6.2.7  Atmospheric  disturbances  parameters 


Case  (d) ,  .£:£  »  Q.ZO 

50 


spatial  (reduced)  frequency  (radians  per  foot) 

temporal  frequency  (radians  per  second) , 
where  (o  =  jav 

random  gust  velocity  along  the  x  body  axis 
(feet  per  second) 

random  gust  velocity  along  the  y  body  axis 
(feet  per  second) 

random  gust  velocity  along  the  z  body  axis 
(feet  per  second) 


Note:  u.g  ,  Vg  ,  <4^  have  Gaussian  (normal)  dis¬ 
tributions,  and  are  defined  positively  along  the 
positive  vehicle  body  axes. 

root -mean-square  gust  intensity,  where 

00  09 


=  y$(n)dri=  J  (f>{^o)d(D 
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root-mca:'.-square  intensity  of 


$,/n) 

(ft) 

(ft) 


w 


root -mean- square  intensity  of 
root-mean-square  intensity  of  uTg 


scale  for  tl  (feet) 

V 

. cale  for  (feet) 


scale  for  (feet) 


spectrum  for 
spectrum  '.’or 
.spectrum  for 


,  where  (fl)  =  (a>) 

,  where  §  (a)  =  \/0  (u)) 

^  ff 

.  '^here  (A)  =  iA?) 


generalized  di„crete  gust  velocity,  positive  along 
the  positive  vc*'‘cle  body  axes,  m  =  x,  y,  z 


(feet  per  second) 


generalized  discrete  gust  length  (always  positive) 
m  =  X,  y,  z  (feet) 


6.. 3  Interpretation  of  the  F^/n  limits  of  table  V.  Because  the  limits  on  Fg/n 
are  a  function  of  both  nj.  and  n/oc  ,  table  V  is  rather  complex.  To  illus¬ 
trate  its  use,  the  limits  are  presented  on  figure  11  for  a  vehicle  having  a 
center -stick  ■;ontroller  and  =  4.0. 

b.4  Gain  scheduling.  Changes  of  mechanical  gearings  and  stability  augmenta¬ 
tion  gains  in  the  primary  flight  control  system  are  sometimes  accomplished  by 
scheduling  the  changes  as  a  function  of  the  settings  of  secondary  control  de¬ 
vices,  such  as  flaps  or  wing  sweep.  This  practi 'e  i,.  generally  acceptable, 
but  gearings  and  gains  normally  should  not  be  scncduled  ffs  a  function  of  trim 
control  settings  since  pilots  do  not  always  keep  vehrcico  i,:  trim. 


6.5  Kngine  considerations.  Secondary  effects  of  engine  open',  t  may  've 
an  important  bearing  on  flying  qualities  and  should  not  be  )ver4.^v'ked  in  de¬ 
sign.  These  considerations  include  such  effects  as  engine  gyroscopic  moments 
influencing  airframe  dynamic  motions,  the  effects  of  engine  operation  on  spin 
characteristics  and  spin  recovery,  and  the  variation  of  engine- derived  power 
for  actuating  the  flight  controls  with  engine  speed. 


6 . 6  Lffects  of  aeroelasticity ,  control  equipment,  and  structural  dynamics. 
Since  acroelasticity ,  contnl  equipment,  and  structural  dynamics  may  exert  an 
important  influence  on  the  vehicle  flying  qualities,  such  effects  should  not 
be  overlooked  in  calculations  or  analyses  ulrected  toward  investigation  of 
compliance  with  the  n'quirements  of  this  specification. 
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6.7  Application  of  Levels.  Part  of  the  intent  of  3.1.10  is  to  ensure  that 
the  probability  of  encountering  significantly  degraded  flying  qualities  because 
of  component  or  subsystem  failures  is  small.  For  example,  the  probability  of 
encountering  very  degraded  flying  qualities  (Level  3)  must  be  less  than  speci¬ 
fied  values  par  flight. 

0.7.1  Theoretical  co.Tipliaiicc .  To  determine  theoretical  ccmpiiance  with  the 
requi remcn ts  ot  5 .1.10.2,  the  foltowinp  steps  mu.st  be  performed: 

a.  Identify  those  Vehicle  Failure  .States  which  have  a  significant  effect 
on  flying  qualities  (3. 1.6.2'! 

b.  Define  the  longest  fiigiit  duration  to  be  encountered  during  operational 
missions  (3.1.1] 

c.  Determine  the  probability  of  encountering  various  Vehicle  Failure 
St  tes ,  per  flight,  based  on  the  above  flight  duration  (3..l.i0.2) 

d.  Determine  the  degree  of  flying  qualities  degradation  associated  with 
each  Vehicle  Failure  State  in  terms  of  Levels  as  defined  in  the  specific 
requirements . 

e.  Determine  the  most  critical  Vehicle  Failui-e  States  (assuming  the  fail¬ 
ures  are  j^resent  at  whichever  point  in  the  Flight  Envelope  being  considered 

is  most  critical  in  a  flying  qualities  sense),  and  compute  the  total  probability 
of  encountering  Level  2  flying  qualities  in  the  Operational  Flight  Envelope 
due  to  equipment  failures.  Likewise,  compute  the  probability  of  encounter¬ 
ing  Level  3  flying  qualities  in  the  Operational  Flight  Envelope,  etc. 

f.  Compare  the  computed  vclues  above  with  the  requirements  in  3.1.10.2 
and  3.1.10.3.  An  example  which  illustrates  an  approximate  estimate-  of  the 
probabilities  of  encounter  follows:  if  the  failures  are  all  statis’^i cal ly 
independent,  determine  the  sum  of  the  probabilities  of  encountering  all 
Vehicle  Failure  States  which  degrade  flying  qualitie.s  to  Level  2  in  the  Opera¬ 
tional  Envelope.  This  sum  must  be  less  than  lO'^  per  flight. 

If  the  requirements  are  not  met,  the  designer  must  consider  alternate  courses 
such  as : 

a.  Improve  the  vehicle  flying  qualities  associated  with  the  more  probable 
Failure  States,  or 

b.  Reduce  the  probability  of  encountering  the  more  probable  Failure  States 
through  equipment  redesign,  redundancy,  etc. 

Regardless  of  the  probability  of  encountering  any  given  Vehicle  Failure  States 
(witii  the  exception  of  Special  Failure  States),  the  flying  qualities  shall 
not  degrade  below  Level  3. 


77 


6.7.2  Level  definitions.  To  determine  the  degradation  in  flying  qualities 
parameters  for  a  given  Vehicle  Failure  State,  the  following  definitions  are 
provided : 

a.  Level  1  is  better  than  or  equal  to  the  Level  1  boundary,  or  number, 
given  in  Section  3. 

b.  Level  2  is  worse  than  Level  1,  but  no  worse  than  the  Level  2  boundary, 
or  number. 

c.  Level  3  is  worse  than  Level  2,  but  no  worse  than  the  Level  3  boundary, 
or  number. 

When  a  given  boundary,  or  number,  is  identified  as  Level  1  and  Level  2,  this 
means  that  flying  qualities  outside  the  boundary  conditions  shown,  or  worse 
than  the  number  given,  are  at  best  Level  3  flying  qualities.  .Mso,  since  Level 
1  and  Level  2  requirements  are  the  same,  flying  qualities  must  be  within  this 
conunon  boundary,  or  number,  in  both  the  Operational  and  Service  Flight  Envelopes 
for  Vehicle  Normal  States  (3.1.10.1).  Vehicle  Failure  States  that  do  not  de¬ 
grade  flying  qualities  beyond  this  common  bounda"^  are  not  considered  in  meet¬ 
ing  the  requirements  of  3.1.10.2.  Vehicle  Failure  States  that  represent  de¬ 
gradations  tc  Level  3  must,  however,  be  included  in  the  computation  of  the 
probability  of  encountering  Level  3  degradations  in  both  the  Operational  and 
Service  Flight  Envelopes.  Again  degradation  beyond  the  Level  3  boundary'  is 
not  permitted  regardless  of  component  failures. 

6.7.3  Computational  assumptions.  Assumptions  a  and  b  of  3.1.10.2  are  some¬ 
what  conservative,  but  they  simplify  the  required  computations  in  3.1.10.2  and 
provide  a  set  of  workable  ground  I'ules  for  theoretical  predictions.  The  reasons 
for  these  assumptions  are: 

a.  "...components  and  systems  are. . .operating  for  a  time  period  per  flight 
equal  to  the  longest  operational  mission  time...".  Since  most  component  failure 
data  are  in  terms  of  failures  per  flight  hour,  even  though  continuous  operation 
may  not  be  typical  (e.g.,  yaw  damper  on  during  supersonic  flight  only),  failure 
probabilities  must  be  predicted  on  a  per  flight  basis  using  a  "typical"  total 
flight  time.  The  "longest  operational  mission  time"  as  "typical"  is  a  natural 
result.  If  acceptance  cycles-to-failure  reliability  data  are  available 
(MIL-STD-756) ,  these  data  may  be  used  for  prediction  purposes  based  on  maximum 
cycles  per  operational  missicn,  subject  to  procuring  activity  approval.  In 

any  event,  compliance  with  the  requirements  of  3.1.10.2  as  determined  in 
accordance  with  section  4,  is  based  on  the  probability  of  encounter  per  flight. 

b.  "...failure  is  assumed  tc  be  present  at  whichever  point... is  most 
critical..,".  This  assumption  is  in  keeping  with  the  requirements  of  3. 1.6. 2 
regarding  Flight  Phases  subsequent  to  the  actual  failure  in  question.  In  cases 
that  are  unrealistic  from  the  operational  standpoint,  the  specific  Vehicle  Fail¬ 
ure  States  might  fail  in  Cb^  Vehicle  Special  Failure  State  classification 

(3. 1.6. 2.1). 
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6-8  Related  documents.  The  documents  listed  below,  while  they  do  not  form 
a  part  of  this  specification,  are  so  closely  related  to  it  that  their  contents 
should  be  taken  in  account  in  any  application  of  this  specification. 


MIL-M-7700 
MIL- A" 8860 
MIL- A- 8861 
MIL-G-38478 


Charts;  Standard  Aircraft  Characteristics  and  Performance, 
Piloted  Aircraft 

Structural  Criteria,  Piloted  Airplanes,  Structural  Tests, 
—  Flight 

Manual,  Flight 

Airplane  Strength  and  Rigidity  -  General  Specification  for 

Airplane  Strength  and  Rigidity  -  Flight  Loads 

General  Requirements  for  Angle  of  Attack  Based  Systems 
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Section  III 

i'LYINC  QUALITUiS  RATIONALE,  BACKUP  DATA  /\ND  USER'S  GUIDE 

Before  I'.resonting  the  rationale  and  backup  data  to  support  the  han¬ 
dling  qualities  requireinont s  of  Section  11,  it  may  be  well  to  discuss  briefly 
past  history  and  the  present  status  of  a  lifting  re-entry  vehicle  handling 
qualities  specification.  It  will  then  be  possible  to  view  the  requirements 
presented  in  Section  II  and  the  rationale  and  backup  data  in  this  section  with 
a  proper  perspective. 

The  development  of  handling  qualities  requirements  for  lifting  re-entry 
vehicles  has  been  a  problem  of  interest  to  the  Flight  Dynamics  Laboratory  at 
Wright  Field  over  a  number  of  years.  The  first  vehicle  co  which  such  require¬ 
ments  were  applied  a.s  an  aid  in  design  and  development  was  the  X- 20  (Dyna-Soar) 
re-entry  vehicle. 

A  preliminary  investigation  of  handling  qualities  requirements  for 
lifting  re-entry  vehicles  was  completed  in  May,  1969  (Reference  1).  This 
study  was  completed  for  the  Air  Force  Flight  Dynamics  Laboratory  under 
Contract  AF33(5i5) -3294  and  is  based  on  the  Air  Force's  continuing  interest 
in  the  military  potential  of  lifting  re-entry  vehicles.  This  investigation 
surveyed  the  literature  and  some  of  the  important  problems  associated  with 
specification  of  handling  qualities  requirements  for  lifting  re-entry  vehicles 
throvighout  the  flight  envelope  of  such  vehicles.  Suggestions  were  made  on 
how  these  problems  might  be  attacked  through  analysis  and  simulation  so 
that  handling  qualities  requirements  could  be  developed. 

Based  on  the  preliminary  investigation  of  Reference  1,  the  Flight 
Research  Department  of  CAL,  under  contract  to  the  Air  Force  Flight  Dynamics 
Laboratory  (Contract  F33615-69-C-1906) ,  prepared  a  working  draft  of  preliminary 
handling  requirements  for  lifting  re-entry  vehicles  completed  in  July,  1970 
(Reference  9).  These  requirements  were  to  be  applied  to  small  lifting  re-entry 
vehicles  of  medium  to  high  maneuverability  based  on  hypersonic  (L/D)^ajj.  Re¬ 
quirements  were  confined  to  the  terminal  phase  of  re-entry  flight  at  low 
supersonic,  transonic,  and  subsonic  speeds.  This  preliminary  draft  was 
developed  in  support  of  the  design  and  analysis  of  the  FDL-8  from  the  stand¬ 
point  cf  handling  qualities.  The  FDL-8  is  a  high-hypersonic  (L/D)ij,ax  lifting 
re-entry  vehicle  developed  primarily  "in-house"  at  the  Flight  Dynamics 
Laboratory.  As  part  of  this  contract  the  Flight  Research  Department  of  CAL 
also  gave  some  handling  qualities  support  to  both  the  rDL-8  and  FDL-7  lifting 
body  projects  at  the  Flight  Dynamics  Laboratory.  An  additional  part  of  this 
investigation  was  a  preliminary  analysis  of  some  of  the  unique  aspects  of 
lifting  re-entry  dynamics  (Reference  6). 

The  lifting  re-entry  vehicle  handling  qualities  requirements, 
rationale,  and  substantiating  data  presented  in  this  report  are  a  follow-on 
of  the  work  performed  in  the  two  previous  years.  This  work  has  been  performed 
■for  the  \ir  Force  Flight  Dynamics  Laboratory  under  Contract  No.  F3361S-70-C-1755. 
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Copies  of  the  working  draft  developed  in  the  previous  year  (Reference 
10)  were  sent  to  the  contractors  and  government  agencies  listed  in  the 
Foreword.  During  the  month  of  January  1971,  review  meetings  were  held  with 
these  contractors  and  government  agencies.  The  requirements  presented  in 
this  report  reflect  those  comments  that  seemed  pertinent  to  the  development 
cf  general  lifting  re-entry  vehicle  handling  qualities  requirements  during 
terminal  flight  at  low  supersonic,  transonic,  and  subsonic  flight.  Tlic 
requirements  are  also  based  on  the  lifting  re-entry  vehicle  handling  qu.  iitios 
liteiature  and  they  are  an  e.xpansion  and  revision  of  the  requirements  in 
Reference  9.  The  present  requirements  cover  both  large  and  small  vehicles  and 
vehicles  with  both  low  and  high  cross-range  based  on  hypersonic  (L/D),^^^^  and 
load  factor.  The  rationale  and  backup  data  presented  in  this  section  are 
also  a  revision  and  e.xpansion  of  Reference  9. 

In  the  past  year,  several  other  investigations  of  handling  qualities 
specification  requirements  for  a  specific  vehicle,  the  Space  Shuttle,  have 
been  undertaken.  The  NASA  Flight  Research  Center  at  Edwards  Air  Force  Ease 
has  proposed  a  flying  qualities  specification  for  Space  Shuttle  vehicles. 

In  its  present  form,  the  specification  is  intended  as  a  working  draft  and  it 
is  based  primarily,  but  not  exclusively,  on  MIL-F-8785B(ASG) .  A  preliminary 
stability  and  control  specification  for  the  Space  Shuttle  Booster,  not  a 
handling  qualities  specification  as  such,  has  been  proposed  by  General 
Dynamics,  Convair  Division.  This  specification  has  been  used  in  some  of 
their  design  efforts  on  the  Space  Shuttle  Booster.  Handling  qualities  criteria 
for  the  Space  Shuttle  Orbiter  are  presently  under  investigation  by  Systems 
Technology  Inc.  (STI)  under  contract  to  NASA  .Ames.  All  of  these  efforts, 
to  the  extent  that  they  are  pre.<=ently  understood,  have  influenced  to  so’- 
extent  the  requirements  and  rationale  as  they  are  presented  in  this  report. 

This  section  is  written  in  support  of  the  handling  qualities  requirements 
presented  in  Section  II.  It  supports  the  Section  II  requiremeuc^  by  presenting 
the  rationale  and  backup  data  upon  which  the  requirements  are  based.  The 
rationale,  backup  data,  and  the  discussion  of  specific  requirements  arc'  also 
useful  as  a  user's  guide.  Tney  explain  what  the  specific  requirei-’Cnts  are 
attempting  to  provide,  and  how  well  founded  these  requirements  are  in  the 
sense  that  they  are  or  are  not  supported  by  actual  data.  It  becomes  readily 
apparent  where  additional  handling  qualities  research  effort  is  required,  and 
this  is  discussed  in  terms  of  handling  qualities  research  programs  in 
Reference  10. 

An  examination  of  the  requirements  in  Section  II  makes  it  readily 
apparent  that  many  of  the  requirements  for  lifting  re-entry  vehicles  are  the 
same  or  adaptations  of  the  requirements  for  piloted  airplanes  as  they  appear 
in  Reference  2.  Lifting  re-entry  vehicles,  when  cruising,  gliding  or  maneu¬ 
vering  near  the  terminal  phase  of  re-entry  at  low  supersoniCi  transonic,  and 
subsonic  speeds  are  subjected  to  the  same  flight  environment  and  require 
piloting  tasks  similar  to  those  of  conventio’'al  airplanes.  In  fact,  some  of 
the  data  used  in  establishing  some  of  the  recuire.ments  in  Reference  2  were 
obtained  from  fixed-base  and  in-flight  handling  qualities  simulation  programs 
on  lifting  re-entry  vehicles. 
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In  adapting  requirements  in  Reference  2  to  lifting  re-entry  vehicles, 
care  has  been  taken  to  account  for  the  differences  as  well  as  the  similarities 
between  conventional  airplanes  and  lifting  re-entry  vehicles  during  terminal 
fliglit.  An  examination  of  these  differences  and  similarities  has  extended  to 
vehicle  Classes,  Flight  Phases,  handling  qualities  Levels,  and  individual 
handling  qualities  requirements.  Some  requirements  have  been  added  that 
are  new  and  possibly  unique  to  lifting  re-entry  vehicles. 

In  the  discussion  of  individual  requirements,  extensive  comments  are 
made  only  on  those  requirements  that  have  been  altered  considerably  from 
similar  requirements  in  MIL-F-8785B(ASG)  (Reference  7),  or  on  specific 
requirements  that  are  completely  unique  to  lifting  ’'e-entry  vehicles.  When 
the  data  to  support  particular  requirements  is  essentially  that  contained  in 
Reference  8,  the  data  is  not  repeated  here.  One  should  refer  to  Reference  8 
for  the  rationale  and  substantiating  data. 

The  actual  statement  of  the  requirements  that  appear  in  Section  11 
is  not  repeated  in  this  section,  only  the  paragraph  numbers  and  titles  are 
repeated  as  they  appear  in  Section  II.  In  some  cases,  several  paragraphs 
and  requirements  are  discussed  together  since  they  are  interrelated  and  the 
discussion  applies  equally  well  to  all  the  paragraphs  and  requirements. 


Requirements 


1. 

Scope  and  classifications 

1.1 

Scope 

1.2 

Application 

1.3 

Classification 

of  vehicles 

1.3.1 

Operational  or 

experimental  designation 

Discussion 

The  working  draft  of  lifting  re-entry  vehicle  handling  qualities 
requirements  (Reference  9)  was  limited  both  in  scope  and  in  the  proposed 
classification  scheme.  It  was  stated  that  the  scope  of  the  specification  was 
limited  to  medium-to~high  maneuverability  lifting  re-entry  vehicles  during 
flight  at  low  supersonic,  transonic  and  subsonic  speeds  in  the  lower  atmo¬ 
sphere.  The  specification  was  restricted  to  small  lifting  re-entry  vehicles 
with  an  (L/D)^,^^.  at  hypersonic  speeds  greater  than  1.5,  but  possibly  as  low 
as  1.0.  Therefore,  the  specification  was  considered  to  be  applicable  to 
lifting  bodies  that  have  flown  such  as  the  M2-F2,  HL-10,  and  X-24.  It  was 
also  considered  to  be  applicable  tvi  veliicles  that  ha've  been  designed  and 
wind  tunnel  tested,  but  not  built  or  flown,  such  as  the  X-20  (Dvna-Soar) , 
FDL-7,  FDL-o,  etc.  in  Reference  9,  re-entry  vehicles  were  further  categorized 
as  to  Clas.'i,  based  on  whether  the  vehicle  mission  is  to  be  considered  oper¬ 
ational  or  experimental.  In  some  cases,  for  i  vehicle  designed  specifically 
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for  experimental  use,  the  requirements  were  relaxed  for  the  same  level  of 
flying  qualities.  This  seemed  rational  based  on  the  more  restricted  missions, 
limited  flight  envelopes,  ideal  flight  environment,  and  the  intensive  training 
and  high  skjil  of  pilots  that  would  be  used  for  experimental  missions. 

In  essence,  the  requirements  in  aeference  9  were  limited  to  two 
Classes  of  re-entry  vehicles,  small  operational  and  small  experimental 
vehicles,  during  flight  at  the  terminal  phase  of  re-entry  at  low  supersonic, 
transonic,  and  subsonic  speeds.  Such  requirements  obviously  do  not  cover 
the  entire  scope  of  lifting  re-entry  vehicle  Classes  as  they  are  presently 
envisioned.  Since  the  classification  of  lifting  re-entry  vehicles  based  on 
vehicle  missions  is  central  to  the  specification  of  flying  qualities,  it  is 
important  to  set  up  a  classification  scheme  before  detailed  requirements  can 
be  formulated. 

It  is  suggested  in  Reference  1  that  a  classification  of  lifting  re-entry 
vehicles  based  on  hypersonic  (b/I))njax  descriptive  of  the  vehicles 

in  terms  of  their  missions  and  therefore  their  handling  qualities  requirements. 

A  suggested  classification  based  on  (L/D)max  hypersonic  speeds  taken  from 
Reference  1  is  the  following: 

Classification  Based  on  Hypersonic 


Class  Description 


I 

0.5-ifL/D)  <:l.s 

max 

II 

Medium  (L/D)  : 

in^x 

III 

High  (L/D)  : 

*  ^  -^max 

It  is  suggested  in  Reference  1  that  a  further  subclassification  that 
would  aid  in  defining  the  lifting  re-entry  mission,  flight  phases,  and  tasks, 
and  relating  these  to  flying  qualities  requirements  might  be  the  following: 

Subclassification  a  -  based  on  hypersonic  flight  speed  within  and 
out  of  the  sensible  atmosphere 


Subclass  a 


Description 


a(l)  Superorbitsl 

a(2)  Orbital 

a (3)  Suhorbital 
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Subclassification  b  -  based  on  the  configuration  for  terminal 
glide  and  landing 


Subclass  b 


Description 


b(l)  fixed  Geometry 

b(2)  Variable  Geometry 

b(3)  Decoupled  Landing 


Including  all  classes  and  subclasses,  the  classification  scl.^-me  of 
Reference  1  allows  for  27  different  classes  of  vehicles  that  may  or  may  not 
have  distinct  flying  qualities  requirements  during  the  different  flight  phases 
at  hypersonic,  supersonic,  and  subsonic  flight.  It  is  noteworthy  that  flight 
vehicles  exist  for  just  one  of  these  27  classes,  and  designs  and  analytical 
studies  for  re-entry  vehicles  presently  proposed,  or  proposed  in  the  past, 
fit  only  a  few  of  these  categories.  Flight  vehicles  such  as  Mercury,  Gemini, 
and  Apollo  fall  below  an  (L/D)jnax  of  0.5  and  therefore  are  excluded  as  lifting 
re-entry  vehicles  based  on  this  classification.  Flight  vehicles  such  as 
the  M2-F2,  HL-10,  and  the  X-24A  would  be  included  as  Class  I  -  a(3)  -  b(l). 

All  the  proposed  lifting  re-entry  vehicles  having  an  (L/D)^gx  hypersonic 
speeds  greater  than  0.5,  upon  which  information  appears  in  the  literature, 
whether  or  not  a  flight  vehicle  has  been  designed,  are  categorized  according 
to  this  classification  matrix  as  shown  in  Table  XV. 


Size  or  weight,  as  it  may  be  related  to  load  factor  and  maneuverability, 
and  hence  the  mission  of  the  vehicle,  is  not  a  factor  in  the  classification 
scheme  of  Reference  1.  Only  cross-range  as  related  to  (L/Dj^ax  at  hypersonic 
speeds  is  a  consideration.  The  classification  scheme  of  Reference  1  requires 
modification  since  the  Space  Shuttle  Booster,  which  is  comparable  in  size  to 
a  Boeing  747  or  Lockheed  C-5A,  is  grouped  with  the  smaller  and  more  highly 
maneuverable  M2-1 1,  HL-10,  and  X-24A  vehicles. 

In  Reference  8,  the  Background  Information  and  User  Guide  for  MIL-F- 
8785B(ASG),  a  statement  is  made  that  flying  qualities  requirements  for  con¬ 
ventional  airplanes  are  tailored  according  to: 

(1)  the  kind  of  airplane  (Class) 

(2)  the  job  to  be  done  (Flight  Phase),  and 

(3)  how  well  the  job  must  be  done  (Level). 

The  airplane  mission  is  defined  in  a  broad  sense  by  the  airplane  Class,  and 
MIL-F-8785B(ASG)  categorizes  airplanes  into  four  Classes.  Each  Class  is 
somewhat  related  to  weight  and  maneuverability,  and  through  these  to  the 
load  factor  for  which  the  airplane  is  designed.  None  of  these  Classes  is 
mutually  exclusive.  Overlapping  in  terms  of  weight,  maneuverability,  and 
load  factor  exists  between  types  of  airplanes  categorized  in  the  different 
Classes  based  on  missions,  especially  missions  as  they  way  be  related  to 
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CLASSIFICATION  OF  LIFTING  RE-ENTRY  VEHICLES 
(BASED  ON  REFERENCE  1) 


a{3)  FDL-8 

SUBORBITAL  (EXPER1MENTAL5 


handling  qualities.  A  great  deal  of  operational  experience  with  conventional 
airplanes  over  many  years  makes  the  classification  of  airplanes  in  MIL-F- 
8?85B(ASG)  both  reasonable  and  rational.  Unfortunately,  such  experience 
does  not  exist  for  lifting  re-entry  vehicles.  In  order  to  compare  airplane 
Classes  to  suggested  lifting  re-entry  vehicle  Classes,  it  may  be  well  to 
restate  the  airplane  classification  of  MIL-F-8785B(ASG) : 

Class  I  -  Small,  light  airplanes 

Class  II  -  Medium  weight,  low-tc-medium 
maneuverability  airplanes 

Class  III  -  Large,  heavy,  low-to-medium 
maneuverability  airplanes 

Class  IV  -  High  naneuverabil ity  airplanes. 

In  attempting  to  classify  lifting  re-entry  vehicles,  it  is  well  to 
keep  in  mind  the  rationale  used  in  classifying  military  airplanes.  This 
classification  is  based  primarily  on  weight  and  maneuverability,  and  the 
airplane  maneuverability  is  based  to  a  large  extent  on  the  airplane  design 
load  factor.  In  general,  :he  larger  the  airplane,  the  lower  the  design  load 
factor  and  the  lower  the  maneuverability.  Tlie  lower  design  load  factor  and 
maneuverability  as  the  weight  increases  are  considered  acceptable  since  the 
missions,  for  which  larger  and  heavier  airplanes  are  designed,  can  be  fulfilled 
with  lower  maneuverability.  This  correspondence  between  size  and  weight, 
maneuverability,  and  load  factor  is  not  always  satisfied  since  the  airplane 
mission  and  maneuverability  are  not  always  primarily  related  to  airplane 
weight.  Such  is  the  case  for  Class  I  airplanes  (small,  light  airplanes)  which 
are  not  designed  to  as  high  load  factors  as  small  fighters.  The  circumstances 
are  the  *50.116  for  some  medium  weight  airplanes  which  may  be  in  Class  II  or 
Class  IV  depending  on  their  mission.  For  example,  the  FB-111  is  classified 
as  a  bomber  and  placed  in  Class  II,  but  the  weight  is  not  that  significantly 
different  from  the  F-lllA,  the  fighter  version,  that  is  placed  in  Class  IV. 

In  consideration  of  the  previous  di-scussion,  it  is  pos.sible  to  suggest 
several  ways  of  classifying  a  lifting  re-entry  vehicle  based  on  the  vehicle 
mission  as  it  can  be  related  to  vehicle  size,  maneuverability,  mode  of 
operation,  and  tasks  during  its  important  flight  phases.  These  possible 
classifications  are  suggested  below. 

1.  Classification  Based  on  Mission  as  it  Relates  to 


III  medium-to- heavy  weight,  low-to-medium 

maneuverability 

iV  iighn-to-medium  weight ,  medium-to-high 

maneuverab i 1 i t y . 


2. 


3. 


Classification  Based  on  Mission  as  it  Relates  to  Cros 
Range  as  Determined  by  Hypersonic  (L/D) 


max 


Class 

Description 

H(l) 

(L/D)  -<10.5 

^  -^max 

11(2) 

0.5  <  (L/D)  <1.5 

^  -^max 

11(3) 

(L/D)  >1.5 

^  -^max 

C  ,ssific 

Etion  Based  on  Intended  Use  of  Lifting 

Re- Entry 

Vehicles 

Class 

Description 

0 

Operational  Vehicle 

E 

Experimental  Vehicle 

Tf  all  of  these  classes  are  considered  to  be  sufficiently  distinct 
and  not  interrelated,  this  type  of  classification  will  allow  for  36  classes 
of  lifting  i«-entry  vehicles.  For  many  of  these  classes,  no  vehicles  present 
exist  or  are  even  envisioned.  A  possible  classification  of  lifting  re-entry 
vehicles,  built,  designed,  or  presently  hypothesized,  based  on  this  classifi¬ 
cation  scheme,  is  shown  in  Table  XVI. 

The  only  convenient  way  of  designating  some  of  the  proposed  Space 
Shuttle  Vehicle  configurations  in  Table  XVI  is  by  numbers,  1  through  12.  The 
letters  in  parentheses  following  the  numbers  are  used  to  designate  whether 
the  vehicle  is  the  Space  Shuttle  Vehicle  Orbiter  or  Booster  as  indicated  by 
the  key  below  Table  XVI.  Re-entry  vehicles  1  through  12  have  appeared 
recently  in  References  11  through  19.  A  short  description  of  these  vehicles 
is  helpful  in  examining  Table  XVI  and  is  presented  below: 

1 .  Bell's  ACl.S  (Reference  11) 

Bell's  Air  Cushion  Landing  System  (ACLS)  would  be  used 
in  landing  a  Space  Shuttle  Orbiter  (SSO)  of  up  to 
200,000  pounds  and  a  Space  Shuttle  Booster  (SSS)  of  up 
to  700,000  pounds. 

2 .  Chrysler 's  Singl e  Stage-to-G~bit  Vehicle  (^Reference  12) 

Chrysler'^  Single  Stage- tc-Orbit  Space  Shuttle  System 
would  use  V./STOL  fechniques  for  the  cerminal  landing 


3.  North  Amerir-.ri  Rockwell's  Deployable  Rotor  System 
iRe^rence  13) 

North  American  Rockwell's  Deployable  Rotor  System 
would  ref.rn  a  space  craft  at  a  near  zero  landing 
speed  to  dry  land  tcjchdowns. 

4 .  Manned  Spacecraft  Center  Reusable  Space  Shuttle 
(Reference  14) 

NASA's  Manned  Spacecraft  Center  (MSC)  design  for  a 
reusable  space  shuttle  would  use  a  fixed  straight 
wing  design  for  both  the  Orbiter  and  the  Booster. 

The  payload  capability  of  the  Orbiter  would  only 
be  10,000  pounds  and  it  would  fit  into  the  Class  IV 
Category  because  of  its  medium  weight.  Ihe  Booster, 
like  all  the  other  carriers,  would  still  be  classi¬ 
fied  as  a  Class  III  vehicle.  Because  of  the  straight 
wing  planform  and  the  onboard  propulsion  system, 
the  effective  subsonic  (L/D),na3(  capability  of  each 
vehicle  would  be  g' eater  than  5.0. 

5.  General  Dynamics'  Space  Shuttle  Orbiter  (Reference  15) 

One  of  General  Dynamics'  versions  of  the  Space  Shuttle 
Orbiter  would  have  a  'irosi  range  capability  of  2000 
miles  at  hypersonic  speeds. 

McDonnell  Douglas'  Space  Shuttle  Systems  (Reference  16) 

One  of  the  McDonnell  Douglas'  Space  Shuttle  Orbiters 
incorporates  drawbridge  wings.  The  wings  would  remain 
folded  upward  against  the  sides  of  the  fuselage  for  a 
large  cross-range  mission  and  extended  outward  for  a 
minimum  cross-range  mission.  With  the  wings  down,  a 
high  angle  of  attack  (Faget)  re-entry  would  be  made. 

A  different  version  of  the  Orbiter  would  have  a  delta 
planform  and  a  cross-range  greater  than  1,500  nautical 
miles . 

8.  North  American  Rockwell's  Space  Shuttle  Versions 

6  (Reference  17) 

9. 

One  design  of  North  American  Rockwell's  Space  Shuttle 
Orbiter  would  have  a  straight  wing  which  would  give  the 
Orbiter  minimum  cross-range  capability.  The  second 
version  would  have  a  delta  planform  and  an  (L/D)inax 
>1.5  at  hypersonic  speeds. 
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10.  Manned  Spacecraft  Center  ''DC-3  Shuttle"  (Reference  18) 

NASA's  Manned  Spacecraft  Center  "DC-3  Shuttle"  would 
ha/c  a  small  payload  of  15,000  pounds  and  a  very  limited 
cross-range  at  hypersonic  speeds.  The  Shuttle  would 
have  a  straight  wing  and  tlierefore  it  would  fit  into 
the  l(3)  classification  because  of  its  significant 
at  subsonic  speeds. 

1 1 .  Air  Force  Flight  Dynamics  Laboratory's  "ILRV"  Concepts 

§  (Reference  19) 

12. 

Two  integral  launch/re-entry  vehicle  CILRV)  configurations, 
the  stage-and-one  half  expendable  tanks  and  the  two-.stage 
fully  reusable  vehicles  would  have  a  high  hypersonic 
(L/D)jnax'  The  first  configuration  consists  of  a  core 
vehicle  which  contains  all  the  high  cost  propulsion 
systems,  etc.,  plus  external  propellant  tanks,  'fhe  core 
vehicle  carries  about  5  percent  of  the  propellant  for 
the  remainder  of  the  boost  and  to  make  orbital  maneuvers. 

As  soon  as  the  propellant  in  the  drop  tanks  is  expended, 
the  tanks  are  jettisoned  and  the  c;;re  vehicle  becoJTivs 
the  shuttle  orbiter  which  eventually  makos  a  horizontal 
landing. 

The  two-st.  ;e  fully  reusable  configuration  would  have  a 
winged-body  orbit  vehicle  with  a  double  structure  to  keep 
the  structural  mass  fraction  as  lo’’*  as  possible  so  that 
land  recovery  can  be  made  without  sacrificing  launch 
capability. 

The  classification  based  on  weight  and  maneuverability  and  the  classi¬ 
fication  based  on  cross-range  as  it  relates  to  hypersonic  (h/D),.,ax  inay  appear 
to  be  redundant.  The  maneuverability  coupled  with  the  weight  is  associated 
with  design  load  factor  as  it  is  related  to  the  vehicle  mission-  The  cross¬ 
range  as  described  by  hypersonic  (b/D)j„^jj  is  more  associated  with  vehicle 
performance  as  it  relates  to  vehicle  mission.  .Attributing  high  maneuverability 
to  vehicles  with  high  (L/D),„ax  incorrect  since  maneuverability  is 

traditionally  associated  with  a  vehicle's  ability  to  pull  g's.  Thus  it  i? 
possible  to  think  of  large  vehicles  with  good  hypersonic  (k/D)^j^x  ^^at  would 
have  good  cross-range  capability  but  still  be  limited  in  their  design  load 
factor.  .All  other  things  being  equal,  however,  an  increase  in  load  factor  or 
maneuverability  will  increase  cross-range. 

One  of  the  hypersonic  (b/D)^^x  Classes,  {L/D)jp.jj^<  0.5,  Class  H(l), 
considered  here  is  essentially  ballistic  and  vehicles  in  this  Class  (Mercury, 
Gemini,  Apollo,  etc.)  are  not  thought  of  as  Lifting  re-entry  vehicles.  Tnis 
Class  is  included  merely  for  reference  purposes  to  complete  the  classification 
matrix.  In  terms  of  hypersonic  (b/D),nax»  lifting  re-entry  vehicles  are 
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restricted  to  two  Classes,  H(2)  and  H(3) ,  rather  than  the  three  classes 
suggested  in  Reference  1.  By  eliminating  Class  H(l),  the  grid  of  Table  XVI 
is  reduced  by  one-third  to  a  smaller  matrix  of  24  classification  categories. 

No  manned  lifting  re-entry  vehicles  presently  flying,  excluding 
vehicles  with  an  <  O..';,  have  ever  flown  at  hypersonic  speeds.  Because 

of  the  lack  of  adequate  information  on  lifting  re-entry  missions  and  tasks  at 
hypersonic  speeds,  and  the  lack  of  experimental  data,  the  specification  of 
f’ying  qualities  requirements  at  hypersonic  speeds  at  this  stage  in  lifting 
re-entry  vehicle  development  is  questionable.  If  the  specification  of  lifting 
re-entry  vehicle  requirements  is  limited  to  the  present  state  of  the  art,  such 
a  specification  must  be  confined  to  terminal  glide  and  landing  at  low  super¬ 
sonic,  transonic,  and  subsonic  speeds.  Therefore  Classes  H(2)  and  11(3)  will 
not  be  considered  for  tha  present  as  distinct  Classes.  It  will  be  considered 
that  handling  qualities  requirements  will  be  adequately  specified  if 
Classification  H(2)  is  combined  with  Class  III  and  Classification  H(.3)  is 
considered  a  part  of  Class  IV.  By  eliminating  H(2)  and  H(3)  as  distinct 
Classes,  the  classificat’on  matrix  is  reduced  to  12  distinct  Cla.sses. 

K  classification  based  on  use  appears  warranted  since  most  lifting 
re-entry  vehicles  that  have  been  designed  and  built  are  essentially  experi¬ 
mental  vehicles.  Their  mission  is  to  investigate  lifting  re-entry  vehicle 
concepts  and  to  do  research  work.  The  mission  and  flight  envelope  of  these 
vehicles  are  genorally  more  restricted  than  they  would  be  if  the  vehicle  were 
to  be  considered  operational.  In  addition,  as  an  experimental  vehicle,  a 
lifting  re-entry  vehicle  will  be  flown  by  highly  trained  and  very  experienced 
test  pilots  under  only  ideal  flight  conditions.  Thus  Level  2  and  Level  3 
requirements  for  an  operational  vehicle  may  in  some  ca.ses  be  acceptable  as 
Level  1  and  Level  2  requirements  when  the  vehicle  is  considered  expeximcntal . 

It  is  advisable  to  have  minimum  frying  qualities  requirements  for  experimental 
vehicles  since  some  of  the  vehicles  built  in  the  future  will  be  considered 
experimental.  It  is  important  to  have  available  handling  qualities  guide  lines 
for  these  vehicles  in  the  form  of  requirements  that  would  be  useful  ir  design. 

It  is  also  important  to  distinguish  between  acceptable  flying  qualities  require¬ 
ments  for  an  experimental,  as  oppo;;od  to  an  operational,  lifting  re-entry 
vehicle  with  a  different  mission. 

Since  tne  classification  of  a  vehicle  a.s  experimental  or  operational 
is  made  on  the  basis  of  its  specific  use,  it  may  be  better  to  treat  require¬ 
ments  for  an  experimental  lifting  re-entry  vehicle  like  special  land-  or 
carrier-based  requirements  are  handled  in  MIL-r~8785B(ASG)  in  Section  1.3.1. 

By  not  distinguishing  between  operational  and  experimental  v. chicles  in  me 
classification  scheme  of  Table  XVI,  the  clas.sif ication  matrix  is  now  reduced 
to  only  6  categories. 

A  classification  scheme  based  on  the  terminal  glide  and  landing  mode 
of  operation  appears  to  be  necessary.  The  mode  of  operation  is  related  to 
the  subsonic  (L/D)jj,jj^,  and  the  mode  of  operation  can  h«\e  considerable  impact 
on  the  flying  qualitie.s  reqi'iremenvs .  If  the  vehicle  is  expected  to  operate 
with  power  during  landing,  ci  en  the  subsonic  (L/D)^^^  referred  to  is  the  (L/D)^ax 
with  power. 
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Ail  indications  are  that  a  vchicie  with  a  subsonic  (L/D)j„ax  *■  2.5 
will  be  unable  to  perform  a  suc<.essfui  horizontal  landing.  Such  a  vehicle 
will,  in  all  probability,  have  a  decoupled  landing  mode  such  as  a  deployable 
rotor  or  ;;arachuts,  paraglider  wing,  etc.  for  terminal  glide  and  landing. 

’Ihe  handling  qualities  requirements  for  such  vehicles  during  terminal  flight 
will  be  quite  unique. 

A  vehicle  with  2.S  <  ^  require  special  handling 

qualities  requirements  during  terminal  glide  and  landing  that  are  different 
than  those  -'f  a  coriventicnal  airplane.  Unpowered  and  underpowered  low 
vehicle.s  will  fit  in  this  categv)ry.  Ti^e  M2-F2,  K2'F3,  HL-10,  and  X-24A  are 
examples  of  such  vehicles. 

A  lifting  ro-cntry  vehicle  with  a  subsonic  greater  than  5.0 

is  expected  to  have  flying  qualities  requirement*^  similar  to  those  of  conven¬ 
tional  airplanes.  An  >  5.0  may  be  attainable  for  a  re-entry  vehicle 

if  it  has  fi.xed  unswept  wings  (Faget  concept),  variable  geometry  wings,  or 
pow‘r  for  landing. 

Vehicles  with  a  subsonic  c  2.5  are  considered  to  operate 

with  a  decoupled  mode  during  terminal  flight  a.'.d  are  not  considered  within  the 
present  state  of  the  art  from  the  standpoint  of  a  flying  qualities  specification. 
If  the  classification  of  lifting  re-entry  vehicles  is  limited  tc  the  present 
state  of  the  art  at  low  supersonic,  transonic,  and  subsonic  speeds,  the  number 
of  classifications  in  Table  XVI  can  be  reduced  to  the  following: 


1. 


Classification  Based  on  Mission  as  it  Relates  to  Weight 
Cross-Range,  and  Load'  Factor 


Class 


Description 


III  Medium-to-heavy  weight ,  low-to-medium 

cross-range  based  on  hypersonic  Cl>/D)^ajf 
and  normal  load  factor 

IV  Small -to-medium  weight,  medium-to-high 

cross-range  based  on  hyperi.^nvc  (L/D)i;ax 
and  normal  load  factor 


Classification  Based  on  Terminal  Glide  and  Landing  Mode 
as  it  Relates  to  at  Subsonic  Speeds 


Class  Description 

h(2)  2.5  <  (L/D)^a3^  <  5.0 

l-(3)  (L/D)„ax  >5.0 
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This  classification  system  is  shown  as  Table  XV'JI.  The  present  and 
next  generation  of  lifting  re-entry  vehicles  are  categorized  according  to  this 
scheme  in  the  table. 


TABU;  XVII.  Suggested  Lifting  Re-Entry'  Veliicle  Classification  Based  on  Term¬ 
inal  Flight  at  Low  Supersonic,  Transonic  and  Subsonic  Speeds 


Classification  based 
on  the  terminal  glide 
and  landir.g  mode 

Classification  based  on  mission  as  it  relates 
to  weight,  cross-range,  and  load  factor 

III 

IV 

Nit:ul.;m-to-hsavy  weight, 
low-to-medium  cross - 
range  based  on  hyper¬ 
sonic  (L/D)^j,^  and 

normal  load  factor 

Smal i -to-inedium  weight, 
medium- lo-iiigh  cross¬ 
range  Odsed  on  hyper-  ! 
sonic  (L/D)n,g.x  and 

! 

normal  load  factor 

L(2) 

2.5  ^  (L/D)  <  5.0 

■^max 

Space  Shuttle  Booster 
and  Orbiter  (i.ifting- 
body  without  powei) 

M2-F2,  HL-10,  X-24A, 

FDL-7,  FDL-8 

(all  without  power) 

L(3) 

(L/D)  >  5=0 

^  ’  max 

Space  Shuttle  Booster 
and  Orbiter  (Lifting- 
body  with  power) 

Space  Shuttle  Bo.oster 
and  Orbiter  (Deolovable 
wing  or  Faget  concept 
With  or  without  power) 

FDL-7  with  deployable 
wing 

FDL-8  with  deployable 
wing 

M2-F2,  HL-10,  X-24A, 
FDL-7,  FDL-8.  all 
with  power 

It  is  questionable  whether  the  Classi ficaticn  Scheme  of  Table  XVII 
adequately  considers  re-entry  vehicles  with  .i  high  angle  of  attack  re-ei  .ry 
(oc.«60®)  when  this  angle  of  attack  is  maintained  throughout  the  supersonic, 
transonic,  and  into  the  high  subsonic  speed  region  before  transition  is  made 
to  low  angles  of  attack.  Faget  t\  w  re-entry  vehiclo.s  have  been  proposed 
that  re-enter  in  this  way.  Flying  qualities  requirements  for  Faget  type 
Boosters  or  Orbiters  flying  under  these  conditions  at  low  (L/D)':.  must  be 
covered  by  special  requirements  in  the  specification. 
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The  reason  for  including  a  classification  based  on  tl'/D)max 
subsonic  speeds  during  the  terminal  glide  and  landing  phase  of  flight  is  • 
that  there  are  special  landing  requirements  for  low  (L/D)njax  vehicles, 
especially  when  such  vehicles  are  unpowered.  These  requirements  are  associated 
with  the  need  for  maintaining  excess  kinetic  energy  in  the  approach,  that  is, 
an  approach  speed  significantly  above  stall  speed,  and  the  need  for  executing 
a  precise  flare  followed  by  a  float  period  prior  tc  touchdown.  Since  the 
effective  can  be  varied  by  the  use  of  power,  the  classification 

scheme  must  allow  for  the  use  of  power  during  the  landing  approach  to  increase 
the  effective  and  reduce  the  glide  angle.  In  fact,  if  landing 

approach  requirements  of  unpowered  or  underpowered  lifting  re-entry  vehicles 
can  be  related  to  some  simple  landing  approach  handling  qualities  parameters, 
and  particular  requirements  on  these  parameters,  it  will  not  be  necessary 
to  designate  vehicles  with  a  low  at  subsonic  speeds  as  a  special 

Class.  This  procedure  is  followed  in  this  lifting  re-entry  vehicle  handling 
qualities  specification.  In  this  event,  the  classification  scheme  of  Table 
XVII  can  be  reduced  to  only  two  Classes  as  follows: 

Class  III;  Medium-to-he ivy  weight,  low-to-medium 
cross-range  br<sed  on  hypersonic 
and  normal  load  factor 

Class  IV:  Light-to-medium  weight,  medium-to-high 
cross-range  based  on  hypersonic 
and  normal  load  factor. 

The  Roman  numerals  III  and  IV  were  used  to  designate  these  two  lifting 
re-entry  vehicle  Classes  since  they  are  most  comparable  to  Classes  III  and  IV 
in  MIb-F-8785B(ASG) .  Based  on  the  discussion  presented,  it  becomes  readily 
apparent  why  the  Scope,  Application,  Classification  of  Vehicles,  and  Operational 
or  Experimental  Designation  Sections  are  defined  as  indicated  in  Section  II. 

Althoug.i  this  specification  will  be  limited  to  flying  qualities  require¬ 
ments  at  low  supe,  sonic,  transonic,  and  subsonic  speeds,  it  is  the  intention 
that  in  the  futurv  these  requirements  »  ill  be  extended  to  flight  at  hypersonic 
speeds,  including  flight  at  low  dynamic  pressures.  The  two  Classes  can  then 
be  easily  extended  to  four  Classes  based  on  cross-range  as  determined  by 
hypersonic  (b/D)jj|j^jj.  This  classification  scheme  is  indicated  in  Table  XVIII. 

Requirement 

1,4  Flight  Phase  Categories 
Discussion 


Experience  with  the  operation  of  airplanes  indicates  that  certain 
Flight  Phases  are  more  demanding  and  require  better  handling  qualities  than 
others.  Therefore,  where  possible,  handling  qualities  requirements  are  stated 
in  teims  of  Flight  Phases  as  well  as  airplane  Class. 
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TABLE  XVIII.  Suggested  Lifting  Re-Entry  Vehicle  Classifications  at  all 

Flight  Speeds 


Classification  based 

on  cross -range  as 

determined  by 

hypersonic 

(L/D) 

^  max 

Classification  based  on  weight  and  maneuverability 

in 

IV 

Medium-to-heavy  weight,  low- 
to  medium  maneuverability 
based  on  load  factor 

Small-to-medium 
weight,  medium-to- 
high  maneuverability 
based  on  load  factor 

H(2) 

0.5  <  (L/D)  1.5 

H(3) 

(L/D)  >1.5 

^  "^max 

Piloting  experience  with  lifting  re-entry  vehicles  is  extremely 
limited  but  the  experience  that  does  exist  supports  the  idea  of  specifyi..„ 
flying  qualities  requirements  as  a  function  of  Flight  Phases,  at  least  for 
terminal  flight  at  low  supersonic,  transonic,  and  subsonic  speeds.  This 
experience,  interestingly  enough,  also  appears  to  support  the  idea  that 
these  Flight  Phases  can  at  least  be  broadly  categorized  as  Nonterminal  Flight 
Phases  and  Terminal  Flight  Phases.  All  of  this  should  not  be  surprising 
since,  during  terminal  flight,  re-entry  vehicles  will  fly  under  similar 
environmental  conditions  and  the  piloting  tasks  will  be  similar  to  those  of 
airplanes . 

The  Nonterminal  Flight  Phases  of  re-entry  vehicles  appear  to  lend 
themselves  to  two  categories,  A  and  B,  as  i.s  true  for  Nonterminal  Flight  Phase 
categories  of  airplanes  as  presented  in  MIL-F-8785BfASG) .  It  is  also  true 
that  the  grouping  of  re-entry  vehicle  Flight  Phases  in  the  various  Categories, 
except  for  Category  A,  bear  a  striking  resemblance  to  the  classification  of 
Flight  Phases  for  conventional  airplanes.  But  from  here  on,  the  similarities 
between  Flight  Phase  Categories  of  re-entry  vehicles  and  airplanes  appear  to 
ceai e. 


The  most  demanding  Flight  Phases  for  airplanes  are  Category  A  Flight 
Phases.  They  require  rapid  maneuvering,  precise  tracking,  or  precise  flight 
path  control.  Present  experience  with  lifting  re-entry  vehicles,  through 
actual  flight  and  simulation,  does  not  support  the  need  for  rapid  maneuvering 
or  very  precise  tracking.  The  most  demanding  Flight  Phases  appear  to  be 
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Category  C  Torminai  t'hases  that  requiie  precise  flight-path  control 

and  may  require  x'apid  maneuvering,  but  certainly  not  as  rapid  maneuvering  as 
Category  A  Tliglit  Ph.ases  for  convent ioual  airplanes. 

Category  A  Flight  Phnst^i  for  re-entry  venicles  bear  no  resemblance 
to  Category  A  Plight  Phases  for  conventional  airplanes  primarily  because 
of  the  difference  in  t!\e  missions  of  ro-cn‘ry  vehicles  and  airplanes. 

Category  A  Pliglit  Phase  for  re-entry  vehicles  ii.quire  precise  but  only 
moderate  maneuvering  and  ac:urate  flight -path  control  and  precise  tracking 
may  be  required,  such  as  tracking  or  maintaining  angle  of  attack  or  bank 
angle,  but  the  rapidity  of  maneuvering  associated  with  tracking  or  attitude 
and  bank  angle  control  is  not  expected  to  be  comparable  to  Category  A  Flight 
Phases  for  airplanes  or  Category  C  Flight  Phases  for  re-entry  vehicles. 

Category  B  Flight  Phases  for  re-entry  vehicles  are  expected  to  be 
the  least  demanding  for  re-entry  vehicles  as  is  true  of  Category  B  Flight 
Phases  for  airplanes.  In  the  case  of  re-entry  vehicles,  these  Flight  Phases 
are  normally  accomplished  using  gradual  maneuvers  without  precision  tracking 
or  very  accurate  flight -path  control. 

An  e.xplanation  of  some  of  the  Flight  Phases  for  re-entry  vehicles, 
and  why  they  are  placed  in  particular  Flight  Phase  Categories  is  in  order. 

Air  launch  and  powered  boost  Category  A  Flight  Phases  are  valid  for 
experimental  lifting  re-entry  vehicles  such  as  the  M2-F2,  HL-10,  X-24A,  and 
M2-F3.  It  would  appear  that  moderate  maneuvering  and  accurate  flight  path 
control  and  precise  tracking  may  be  required.  The  requirements  in  this 
specification  are  not  expected  to  apply  to  multi-stage  vehicles  while  they 
are  attached  during  boost.  Powered  boost  of  multi-stage  vehicles  is  not  a 
Flight  Phase  within  the  limitations  of  this  specification.  In  discucsions 
with  some  participants  in  review  meetings,  some  sentiment  was  expressed  that 
high  Mach  numFer  high  s.itiiude  cruise,  based  on  experience  with  the  XB-70  and 
SR-7i,  can  be  a  more  demanding  Flight  Phase  than  cruise  at  lower  altitudes 
and  speeds.  Tlus  appears  to  be  especially  true  when  trying  to  control  flight 
path  and  altitude.  High  altitude,  high  speed  cruise  is  therefore  included  as 
a  Category  A  Flight  Phase  even  though  its  validity  as  a  lifting  re-entry 
vehicle  Flight  Phase  is  questionable.  It  seemed  appropriate  that  large  angle 
of  attack  transitions  that  are  presently  being  considered  for  the  Space  Shuttle 
Vehicle  Booster  and  Orbiter  vehicles  would  logically  fail  into  Category  A 
Flight  Phases  when  they  are  being  perfoiA:ed.  with  the  pilot  in  the  loop.  They 
will  pr.obably  inquire  pi'ccise  altitude  and  flight  path  control. 

Category  B  Flight  Phases  for  re-entry  vehicles  are  similar  to 
Category  B  Flighc  Phases  for  airplanes  and  appear  to  require  no  further 
explanation. 

Category  C  Flight  Phases  for  re-entry  vehicles  are  generally  similar 
to  Category  C  Flight  Phase.,  for  alrjjlanes.  As  operational  vehicles,  lifting 
re-entry  vehicles  arc  expected  to  be  launched  vertically  with  one  and  one-half 


oi’  more  stages.  As  previously  stated,  under  such  conditions  of  attached 
stages  these  requirements  are  not  expected  to  apply.  As  expci iiiientai  vehicles, 
it  may  be  that  Booster  and  Orbiter  stages  of  re-entry  vehicles  will  first 
be  tested  in  the  lower  atmosphere  and  they  will  be  required  to  take  off 
horizontally  from  the  ground.  Under  such  conditions  a  conventional  horitoiital 
takeoff  is  a  valid  Flight  Phase.  Emergency  abort  is  also  a  valid  Terminal 
Phase  for  any  stage  of  a  multistage  vehicle  when  it  flies  alone  following  an 
abort  that  occurs  in  the  lower  atmosphere  at  low  supersonic,  transonic  and 
subsonic  speeds.  Pilot  controlled  emergency  aboits  will  require  pucisv  flight 
path  control  and  rapid  maneuvering. 

Requi rement 

1.5  Levels  of  flying  qualities 

Discussion 


The  definitions  of  Levels  that  are  used  in  specifying  handling 
qualities  requirements  for  lifting  re-entry  vehicles  are  essentially  the  same 
as  the  definitions  in  Section  1.5  of  MIL-F-8785B(ASG)  (Reference  2).  The 
explanation  of  how  these  Levels  are  used  and  how  they  are  related  to  the 
pilot  rating  scale  are  presented  in  Reference  8. 

A  slight  difference  exists  in  the  definition  of  Level  3  for  lifting 
re-entry  vehicles.  In  the  definition  of  Level  3  for  conventional  airplanes  it 
is  stated  that  "Category  A  Flight  Phases  can  be  terminated  safe]),  and 
Categories  B  and  C  Flight  Phases  can  be  completed."  In  the  case  of  re-entry 
vehicles  this  statement  becomes  "All  Flight  Phases  that  can  be  term.na,cd 
can  be  safely  terminated.  All  Flight  Phases  that  must  be  completed  can  be 
completed  safely." 

Although  all  Category  A  Flight  Phases  for  airplanes  in  MIL-F-8785B 
(ASG)  can  be  terminated,  such  is  not  the  case  for  all  Category  A  Flight  Phases 
for  re-entry  vehicles.  Phases  such  as  "air  launch"  or  "angle  of  attack 
transition"  once  started  must  be  completed.  In  the  case  of  Category  B  Flight 
Phases  for  re-entry  vehicles,  some  of  the  Flight  Phases  must  be  completed.  In 
the  case  of  Category  C,  all  Flight  Phases  must  be  completed  with  the  possible 
exception  of  a  powered  approach.  It  is  generally  true  that  for  the  Terminal 
Flight  Phases  of  re-entry  vehicles  without  power,  all  the  Flight  Phases  must 
be  completed  and  completed  safely  for  Level  3. 

Serious  thought  is  presently  being  given  to  the  design  of  very  sophis¬ 
ticated  lifting  re-entry  vehicles  that  are  expected  to  be  operational  vehicles 
that  will  be  required  to  fly  the  total  flight  profile  from  boost  to  orbit  to 
re-entry  and  horizontal  landing.  Reliability  requirements  for  the  various 
stages  of  such  a  vehicle  and  all  the  subsystems  will  be  high  because  of  high 
program  and  vehicle  costs,  the  environmental  unknowns,  and  the  requirement  for 
crew  and  passenger  safety.  Reliability  and  safety  considerations  may  be  such 
that  the  procuring  activity  may  choose  not  to  allow  Level  3  handling  qualities. 
If  such  is  the  case  the  probability  of  occurrence  of  Level  3  handling  qualities 
due  to  failures  will  also  need  to  be  reduced  considerably  as  indicated  in 
3.1.10.2. 
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Requj.roi’Ttoat 

Z • 0  Applicable  documents 

Discussion 


In  the  specification  of  the  flying  qualities  of  airplanes  in  MIL-F- 
8785B(ASG)  it  is  felt  necessary  to  refer  to  other  documents  in  presenting  the 
specific  requirements.  To  the  extent  that  lifting  re-entry  vehicles  fly  like 
conventional  airplanes  during  terminal  flight  at  low  supersonic,  transonic, 
and  subsonic  speeds,  these  documents  are  also  likely  to  be  applicable  to 
lifting  re-entry  vehicles  with  corrections,  deletions,  and  addi^’ions  that  may 
be  required  and  will  be  established  by  the  procuring  activity.  Because  of  the 
many  undefined  aspects  of  lifting  re-entry  vehicle  design,  it  is  difficult  to 
establish  at  this  time  what,  if  any,  corrections,  deletions,  and  additions  must 
be  made  in  these  specifications.  If  the  contractor  finds  particular  specifica¬ 
tions  not  applicable  in  their  present  form,  the  necessary  corrections,  dele¬ 
tions,  or  additions  must  be  established  through  mutual  consultation  between 
the  contractor  and  the  procuring  activity. 

MIL-D-8708  (Demonstration  Requirements  for  Airplanes)  has  been  removed 
entirely  as  a  specification  since  it  is  not  expected  to  be  applicable  to  lifting 
re-entry  vehicles. 

The  procuring  activity  may  find  it  necessary  to  establish  special 
specifications  and  standards  for  lifting  re-entry  venicles  that  will  replace  or 
supplement  existing  standards.  To  the  extent  that  such  standards  relate  to 
handling  qualifier  requirements  tl  will  become  a  part  of  this  specification. 

Requirements 

3.0  Requirements 

.3 . 1  General  requirements 

3.1.1  Missions 

3.1.2  Loadings 

3.1.3  Moments  of  inertia 

3.1.4  External  stores 

3.1.5  Configurations 
Discussion 


The  need  to  define  missions,  loadings  and  envelopes  of  center  of 
gravity  travel,  moments  of  inertia,  external  store  loadings,  and  vehicle  con¬ 
figurations  required  to  perform  the  missions  seem  obvious.  These  requirements 
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are  expected  to  be  equally  applicable  to  lifting  re-entry  vehicles  and  airplanes 
although  many  of  tha  details  in  such  definitions  will  undoubtedly  be  different 
for  lifting  re-entry  vehicles  whose  missions  are  different  than  those  of  airplanes. 
In  the  definition  of  missions,  differences  will  also  exist  when  the  vehicle  is 
to  be  considered  operational  or  experimental. 

in  the  definition  configurations  for  lifting  re-entry  vehicles,  it  is 
recognized  that  in  all  probability  such  vehicles  will  be  highly  augmented  and 
it  is  emphasized  that  SAS  gains  may  be  variable  and  selected  by  the  pilot  or 
crew.  Obviously  such  SAS  gains  are  part  of  the  configuration  definition.  It 
is  also  true  that  longitudinal  and  lateral-directional  control  bias,  other 
than  that  required  for  trim,  may  also  be  essential  to  configuration  definition. 
These  additional  requirements  for  configuration  definition  may  be  especially 
applicable  to  an  experimental  lifting  re-entry  vehicle. 

Requirements 

3.1.6  State  of  the  vehicle 

3. 1.6.1  Vehicle  Normal  States 

3. 1.6. 2  Vehicle  Failure  States 

3. 1.6. 2.1  Vehicle  Special  Failure  States 

Discussion 


The  purpose  and  need  for  defining  lifting  re-entry  vehicle  states 
including  Vehicle  Normal  States,  Vehicle  Failure  States,  and  Vehicle  Special 
Failure  States  appear  to  be  equally  valid  for  a  re-entry  vehicle  or  an  air¬ 
plane.  The  requirements  in  the  specification  of  handling  qualities  are 
therefore  logically  related  to  re-entry  vehicle  states,  Normal  States  and 
Failure  States.  The  discussion  pertaining  to  Airplane  States  that  appears  in 
Reference  8  is  expected  to  be  equally  valid  for  re-entry  vehicles. 

In  3. 1.6. 2  an  additional  qualification  has  been  added  that  the  con¬ 
tractor  may  waive  definition  of  all  Vehicle  Failure  States  for  experimental 
vehicles.  It  is  recognized  that  a  definition  of  all  Failure  States  and  pro¬ 
bability  of  failures  can  be  very  difficult  and  expensive  for  low  budget,  "one 
of  a  kind,"  experimental  vehicles.  It  is  recognized  that  in  such  cases,  a 
simplified  yet  acceptable  alternate  way  of  specifying  Failure  States  may  be 
acceptable  to  the  procuring  activity. 

There  are  certain  Failure  States,  such  as  engine  failures,  that  may 
be  perfectly  acceptable  as  Special  Failure  States  for  airplanes.  Engine 
failure.s,  or  failure  of  an  engine  to  start,  in  certain  Flight  Phases  of  a 
lifting  re-entry  vehicle,  may  result  in  handling  qualities  that  make  the 
vehicle  extremely  difficult  to  fly  or  unflyable.  Such  may  be  the  case  for  a 
lifting  re-entry  vehicle  whose  (L/D)n,jjx  unpowered  is  so  low  that  it  requires 
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an  "instant  (L/D)"  or  landing  engine  to  perform  a  horizontal  landing.  Even 
though  the  failure  probability  of  the  engine  to  start  or  continue  to  operate 
may  be  difficult  to  predict,  the  remoteness  of  the  probability  of  failure  is 
extremely  important  even  though  the  probability  is  not  well  known.  In  such 
cases,  it  can  be  argued  that  engine  failures  should  not  be  acceptable  as 
Special  Failure  States  and  the  paragraph  on  Special  Failure  States  should 
exclude  such  engine  failure  for  vehicles  with  a  low  (L/D)niax  without  power. 

The  contractor  in  such  cases  should  be  required  to  determine  the  probability 
of  failure  or  through  adequate  redundancy  give  assurance  to  the  procuring 
activity  that  the  probability  of  failure  is  indeed  remote.  Since  little  actual 
experience  exists  in  this  area  for  lifting  re-entry  vehicles,  it  is  left  to 
the  discretion  of  the  procuring  activity  whether  such  engine  failures  can  or 
cannot  be  considered  as  Special  Failure  States. 


The  definitions  of  Operational  Flight  Envelopes  and  Service  Flight 
Envelopes  for  lifting  re-entry  vehicles  follow  the  basic  philosophy  used  in 
defining  Operational  and  Service  Flight  Envelopes  of  airplanes  in  MIL-F-878SB 
(A.SG) .  It  is  recognized,  however,  that  Operational  Flight  Envelope  boundaries 
for  lifting  re-entry  vehicles  may  be  more  conveniently  or  adequately  defined 
in  other  ways  than  speed,  altitude,  and  load  factor  for  particular  Flight 
Phases.  Load  factor  and  speed  may  not  always  be  the  important  controlling 
parameters  during  re-entry,  or  the  terminal  phase  of  re-entry.  Mach  number, 
dynamic  pressure,  or  angle  of  attack  may  be  more  important  parameters  from 
the  standpoint  of  longitudinal  deceleration,  temperature,  or  stability.  This 
may  be  especially  the  case  when  the  re-entry  vehicle  is  unpowered.  These 
parameters  may  also  be  more  appropriate  in  defining  the  boundaries  of  the 
Service  Flight  Envelopes  for  the  same  reasons. 


It  is  recognized  that  the  Operational  and  Service  Flight  Envelopes  of 
an  experimental  lifting  re-entry  vehicle  ca.".  differ  from  those  of  an  opera¬ 
tional  vehicle.  If  a  lifting  re-entry  vehicle  is  to  be  considered  experimental 
the  procuring  activity  may  be  willing  to  accept  more  restricted  Operational 
and  Service  Flight  Envelopes, 
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Definition  "c”  in  Section  3. 1.8.1  recognizes  that  the  vehicle  maximum 
service  speed  may  be  determined  by  the  fact  that  the  vehicle  is  unpowered. 
Definition  "d"  recognizes  that  a  maximum  service  speed  may  be  defined  by 
engine  limitations. 

It  is  also  recognizee  that  additional  conditions  exist  which  may 
define  minimum  service  speed  for  a  lifting  re-entry  vehicle.  Minimum  speed 
for  tuipowered  lifting  re-enti./  vehicles  must  be  defined  in  gliding  flight. 
Definition  "e"  recognizes  that  safe  unpowered  landings  with  lifting  re-entry 
vehicles  require  excess  kinetic  energy.  Thus  unpowered  landing  requirement.s 
may  determine  the  minimum  service  speeds  at  low  altitudes.  Definition  "F' 
recognizes  that  some  lifting  re-entry  vehicle  configurations  have  no  clearly 
defined  stall.  If  sufficient  control  power  exists,  the  vehicle  may  be 
trimmable  to  rather  large  angles  of  attack  where  the  (L/D)fftax  is  low.  An 
unpowered  vehicle  trinuned  at  such  large  angles  of  attack  in  gliding  flight, 
especially  at  the  lower  altitudes,  may  have  an  excessive  sink  rate  or  steep 
glide  angle  .\'hich  may  determine  the  minimuni  service  .speed. 

For  Flight  Phases  at  altitude  for  some  re-entry  vehicles,  minimum 
and  maximum  service  speed  may  not  be  as  meaningful  as  minimum  and  maximum 
dynamic  pressure  as  a  function  of  altitude.  Thus  minimum  and  maximum  dynamic 
pressure  may  be  used  in  lieu  of  minimum  and  maximum  service  speed  with  the 
approval  of  the  procuring  activity  provided  that  the  maximum  dynamic  pressure 
is  less  and  the  minimum  dynamic  pressure  is  greater  than  the  dynamic  pressures 
computed  using  the  maximum  or  minimum  service  speed  I'espectively . 

The  maximum  service  altitude  of  a  veliicle  with  power  chat  is  capable 
of  cruising  in  level  flight  is  reasonably  easy  to  define.  It  can  be  defined  in 
the  same  way  that  the  maximum  service  altitude  of  an  airplane  is  defined.  For 
an  unpowered  re-entry  vehicle  which  is  truly  operational,  which  has  re-entered 
from  orbital  altitudes  where  the  dynamic  pressure  for  all  practical  purposes 
is  zero,  defining  maximum  service  altitude  is  not  meaningful. 

It  has  been  stated  in  the  Introduction  (Section  I),  that  the  require¬ 
ments  of  this  specification  are  expected  to  apply  only  when  the  vehicle  is 
sustained  by  primarily  aerodynamic  forces.  It  has  been  suggested  that  below 
dynamic  pres.sures  equal  to  0,7  times  the  dynamic  pressure  required  to  sustain 
the  vehicle  in  level  flight  may  be  considered  as  a  minimum  dynamic  pressure 
below  which  these  handling  qualities  are  not  expected  to  apply.  Based  on 
this  definition,  a  maximum  service  altitude  may  be  defined  as  the  altitude 
above  which  the  dynamic  pressure  is  less  than  0.7  times  the  minimum  service 
speed  dynamic  pressure  as  defined  by  the  minimum  service  speed  of  3. 1.8.2. 

Since  this  specification  is  only  expected  to  apply  to  low  supersonic, 
transonic,  and  siibsonic  speeds  during  terminal  flight  in  the  lower  atmosphere, 
it  may  be  necessary  to  define  a  maximum  service  altitude  for  purposes  of 
applying  this  specification.  This  altitude  will  be  established  by  mutual 
agreement  between  the  contractor  and  the  procuring  activity. 


l.OJ 


The  service  load  factors  for  re-ontry  vehicles  are  defined  in  essen¬ 
tially  the  same  way  as  they  are  for  airplanes  in  MIL-F-8785B(ASG) ,  except 
for  an  unpowered  vehicle  they  are  defined  in  equilibrium  glide  flight  at 
constant  indicated  airspeed.  In  the  case  of  re-entry  vehicle  configurations, 
a  clear  stall  warning  angle  or  buffet  angle  of  attack  may  not  exist  and  the 
load  factors  may  be  defined  by  a  maximum  (minimum)  allowable  angle  of  attack 
defined  by  considerations  such  as  those  in  3. 4. 2. 2. 


Requirements 


3.1.9 

Perr.issible  Flight  Envelopes 

3. 1.9.1 

Maximum  permissible  speed  (minimum  permissible 

angle  of  attac!.) 

3. 1.9. 2 

Minimum  perrissible  speed  (maximam  permissible 

angle  of  attack) 

3. 1.9.2. 1 

Minimum  permissible  speed  (maximum  permissible 

angle  of  attack)  based  on  other  considerations 

Discussion 


The  rationale  for  defining  Permissible  Flight  Envelopes  for  lifting 
re-entry  vehicles  is  similar  to  that  used  for  airplanes  in  MIL-F-8785B(ASG) . 
There  are  regions  outside  the  Operational  and  Service  Flight  Envelopes  where 
lifting  re-entry  vehicles  might  be  allowed  to  operate  for  short  periods  of 
time  and  one  would  not  expect  Level  1  or  Level  2  handling  qualities  to  prevail. 
Although  stalls  may  be  such  a  region  for  lifting  re-entry  vehicles,  one  can 
see  no  rational  reason  at  this  time  why  spins,  zooms,  or  steep  dives  need  be 
considered  as  permissible  flight  conditions  for  re-entry  vehicles  as  may  be 
true  of  airplanes.  High  angle-of-attack  flight  may,  however,  be  such  a  flight 
condition  for  a  re-entry  vehicle.  Again,  the  boundaries  of  the  Permissible 
Flight  Envelopes  for  re-entry  vehicles  at  altitude  during  some  Flight  Phases 
may  be  defined  more  meaningfully  in  terms  of  such  parameters  as  dynamic 
pressure  and  angle  of  attack  rather  than  speed  and  load  factor. 

It  is  recognized  that  unpowered  lifting  re-entry  vehicles  must  be 
capable  of  performing  uppowered  landings.  Such  landings  can  only  be  performed 
safely  within  certain  maximum  or  minimum  speed  limits.  The  minimum  speed 
limit  is  deteimined  by  having  sufficient  kinetic  energy  available  to  perform 
a  safe  flare  and  float  to  touchdown.  Thus  maximum  and  minimum  permissible 
speeds  determined  by  landing  requirements  are  appropriate  for  vapowered  lifting 
re-entry  vehicles. 

Lifting  re-entr)'  vehicles  have  both  static  and  dynamic  stability  and 
control  characteristics  which  are  usually  strong  functions  of  angle  of  attack. 

In  some  cases,  even  with  augmented  vehicles,  the  stability  and  control 
characteristics  from  the  point  of  view  of  handling  qualities  can  be  unacceptable 
below’or  above  paz'ticular  angles  of  attack.  Thus  maximum  permissible  speed 
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(minimum  permissible  angle  of  attack)  or  rdnimum  permissible  speed  (maximum 
permissible  angle  of  attack)  may  be  determined  by  unsafe  stability  and  control 
characteristics . 

Minimum  permissible  speed  (maximum  permissible  angle  of  attack)  for 
lifting  re-entry  vehicles  can  also  be  determined  by  other  considerations  such 
as  ability  to  perform  altitude  corrections,  excessive  sink  rate,  too  steep 
an  equilibrium  glide  angle,  etc. 

Requirements 

3.1.10  Application  of  Levels 

3.1.10.1  Requirements  for  Vehicle  Normal  States 

3.1.10.2  Requirements  for  Vehicle  Failure  States 

3.1.10.2.1  Requirements  on  the  effects  of  specific  failures 

3.1.10.3  Exceptions 

3.1.10.3.1  Grou-.d  operation  and  terminal  Flight  Phases 

3.1.10.3.2  When  Levels  are  not  specified 

3.1.10.3.3  Flight  outside  the  Service  Flight  Envelopes 
Discussion 


The  Level  approach  to  the  achievement  of  adequate  flying  qualities 
with  a  degradation  of  flying  qualities  being  acceptable,  if  the  combined  pro¬ 
bability  of  such  degradation  is  sufficiently  small,  is  rational  and  appears 
reasonable  for  lifting  re-entry  vehicles  as  well  as  airplanes.  Flying  qualities, 
flight  safety,  and  system  reliability  are  very  ir  ;erre.latcd.  It  is  obvious  that 
such  interrelationships  should  be  recognized  in  che  specification  of  handling 
qualities  requirements. 

The  basic  approach  used  in  the  application  of  Levels  to  airplanes  in 
MIL-F-8785B(ASG)  is  retained  in  the  specification  of  handling  qualities  re¬ 
quirements  for  lifting  re-entry  vehicles.  The  argument  for  the  Level  concept 
and  its  application  presented  in  Reference  8  are  in  general  equally  applicable 
to  lifting  re-entry  vehicles.  It  is  recognized  in  Reference  8  that  the  procuring 
activity  can  change  the  numerical  probability  per  flight  of  encountering 
degraded  Levels,  Levels  2  and  3,  of  flying  qualities  due  to  failures.  These 
changes  are  made  to  reflect  specific  vehicle  requirements  and  to  assure  that 
the  probabilities  of  encountering  degraded  Levels  are  consistent  with  the 
design  goals.  Although  the  degraded  Level  probabilities  per  flight  as  pre¬ 
sented  are  reasonable,  an  attempt  has  been  made  in  this  specification  to 
reflect  the  possible  differences  in  the  design  goals  of  various  lifting  re¬ 
entry  vehicles; 
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For  "one  of  a  kind",  low  budget,  experimental  lifting  re-entry 
vehicles,  detailed  determinatior.  of  each  Vehicle  Failure  State,  the  probability 
of  occurrence  of  eadi  vehicle  failure  per  flight,  and  the  effect  of  such 
Failure  States  on  the  flying  qualities  may  be  both  impractical  and  impossible 
for  the  contractor.  In  lieu  of  su- h  oetermir.ation,  a  simplified  procedure 
is  allowed  for  experimental  lifting  re-entry  vehicles.  One  procedure  is  to 
consider  only  a  very  limited  number  of  ci'itical  failures  and  their  effect,  on 
flying  qualities  and  simultaneously  reduce  the  probability  of  the  occurrence 
jf  degraded  flying  qualities  due  to  ..uch  critical  failures.  Another  altemate 
method  may  be  to  associate  degraded  Levels  with  total  system  failures,  such 
as  total  SAS  system  failure  and  not  be  required  to  predict  the  probability  of 
encountering  degraded  Levels.  Such  alternate  procedures  .seem  warranted 
for  "one  of  a  kind",  low  budget,  experimental  vehicles  and  such  altemate 
procedures  are  not  considered  inconsistent  with  MIL-F-8785B(A.SG) . 

S.imilar  arguments  in  terms  of  vehicle  design  goals  can  be  used  to 
reduce  the  probability  per  flight  of  encountering  degraded  flying  qualities 
because  cf  failures.  Serious  thought  is  presently  being  given  to  the  design  of 
very  sophisticated  lifting  re-entry  vehicles,  such  as  the  Space  Shuttle  Vehicle 
(SSV)  Booster  and  Orbiter.  Such  vehicles  will  be  required  to  fly  the  total 
flight  profile  from  boost  to  orbital  flight,  through  re-entry  and  down  to  a 
horizontal  landing.  Reliability  requirements  for  the  various  stages  of  such 
a  vehicle  and  its  subsystems  will  be  high.  The  feeling  presently  is  that  any 
flight  control  system  will  be  required  to  first  fail  operationally  twe  times 
without  any  degradation  in  handling  qualities  and  the  third  failure  will  be 
fail  safe,  safe  to  fly  home.  Such  high  reliability  requirements  are  con¬ 
sidered  necessary  because  of  high  program  and  vehicle  costs,  the  environ¬ 
mental  unknowns,  and  the  overriding  requirement  for  crew  and  passenger 
safety.  It  is  also  felt  that  the  reliability  requirements  for  guidance  and 
navigation,  which  is  essential  to  successful  flight,  automatic  or  piloted, 
allow  for  high  total  systems  reli.ability  at  relatively  little  additional  cost. 

When  all  of  these  factors  are  overriding  considerations  in  lifting  re-entry  vehicle 
design,  the  procuring  activity  may  choose  to  reduce  the  probability  of 
encountering  degraded  flying  qualities  because  of  failures,  even  to  the  extent 
of  not  allowing  Level  3  handling  qualities  at  all.  Obviously  for  such  to  be 
the  case,  the  probability  of  occurrence  of  Level  3  per  flight  must  be  quite 
small.  In  one  such  preliminary  handling  qualities  specification  for  the  SSV 
proposed  by  the  NASA  Flight  Research  Center  at  Edwards,  California,  it 
has  been  suggested  that  the  probability  of  occurrence  of  Level  3  for  flight 
should  be  less  than  10-6  since  this  low  a  probability  would  essentially 
eliminate  Level  3  as  a  consideration. 

In  reference  8  argur.ients  and  data  are  presented,  based  on  certain 
assumption.s ,  to  confirm  that  the  probability  of  encountering  Level  3  handling 
qualities  of  10-4  per  flight  is  reasonable  for  aircraft.  It  is  argued  that 
"due  to  a  lack  of  knowledge, — especially  when  many  flying  qualities  are 
degraded  at  once,  the  Level  3  boundaries  are  at  least  safety  rclfted"  even 
though  Level  3  handling  qualities  are  not  considered  unsafe  as  they  are 
usually  defined.  Using  1967  accident  Ic.-s  rates  for  aircraft,  and  assuming 


"Level  3  to  represent  a  safety  problem,  which  it  conservatively  does  not,  then 
the  aiiowabie  10”4  probability  of  encountering  Level  3  per  flight  would  account 
for  ebout  1/4  to  1/9  of  the  total  probability  of  aircraft  loss — "  during  1967. 
The  other  aircraft  losses  would  be  due  to  other  things  that  are  not  flying 
qualities  oriented.  It  is  therefore  argued  that  the  10-4  probability  for  Level 
3  is  reasonable. 

Using  the  same  data  and  arguments  presented  in  Reference  8,  a  10"^ 
probability  of  encountering  Level  3  per  flight  would  conservatively  account  for 
only  1/400  to  1/900  of  the  aircraft  loss  during  1967.  It  seems  reasonable 
assume  that  such  a  low  probability  of  encountering  Level  3  for  aircraft  or 
lifting  re-entry  vehicles  will  esse-  '■ially  eliminate  Level  3  as  a  probability. 

Requirement 

3.2  Longitudinal  flying  qualities 
Discussion 


Section  3.2  deals  with  essentially  the  same  longitudinal  flying 
qualities  subjects  treated  for  airplanes  in  MIL-r~8785B(ASG) .  This  should  not 
be  surprising  since  lifting  re-entry  vehicles  during  terminal  flight  at  low 
supersonic,  transonic,  and  subsonic  speeds  are  expected  to  fly  much  like  conven¬ 
tional  airplanes  and  require  similar  characteristics  from  the  point  of  view 
of  handling  qualities.  Modifications  have  been  made  to  specific  requirements, 
in  seme  cases  significant  modifications,  to  make  the  requirements  more 
adaptable  to  the  Flight  Phases  of  lifting  re-entry  vehicles.  These  changes 
are  discussed  in  some  detail  as  they  arise.  Some  very  special  and  new  re¬ 
quirements  that  are  unique  to  lifting  re-entry  vehicles  have  been  added. 

Section  3. 2. 1.1. 3  presents  some  qualitative  requirements  on  elevator  control 
force  variations  during  angle  of  attack  transitions.  Section  3. 2. 3. 3.?. 
"Longitudinal  control  in  catapult  takeoff"  in  MIL-F-8785B(ASG) ,  has  been 
replaced  by  a  requirement  called  "longitudinal  control  during  air  launch". 
Section  3. 2. 3, 4. 2  covers  a  completely  new  requirement  for  unpowered 
landings.  Section  3.2. 3.4.3  is  a  new  qualitative  requirement  on  the  effects 
of  adverse  elevator  lift  during  the  Landing  Approach  Flight  Phase. 

Requirements 

3.2.1  Longitudinal  stability  with  respect  to  speed 

3.2. 1.1  Longitudinal  trim  stability 
Discussion 


In  MIL-F-8785B(ASG) ,  requirements  under  Section  3.2.1  are  spoken 
of  as  longitudinal  stability  requirements  with  respect  to  speed  and  deal  pri¬ 
marily  with  long  term  requirements  as  the  speed  is  varied  in  level  flight. 
These  topics  are  discussed  in  the  airplane  flying  qualities  specification  as 
static  stability,  phugoid  stability,  and  flight-path  stabili*-y.  There  is  some 


question  as  to  how  important  these  long  term  stability  requirements  are  to  a 
lifting  re-entry  vehicle  during  terminal  descent  to  a  horizontal  landing  when 
the  pilot  will  undoubtedly  be  controlling  the  vehicle  rather  attentively. 

There  is  also  some  question  of  the  meaning  of  long  term  requirements  and  how 
they  are  defined  when  the  vehicle  is  operating  in  a  rapidly  changing  environ¬ 
ment  of  altitude,  Mach  number,  etc.  There  is  ample  evidence  based  on  flight 
test  experience  with  unpowered  landings  of  lifting  re-entry  vehicles  that 
flight-path  stability  is  of  importance  to  the  pilot.  Providing  some  long  term 
stability,  or  at  least  limiting  the  degree  of  instability,  is  expected  to 
improve  lifting  re-entry  vehicle  handling  qualities  in  much  the  same  manner 
that  handling  qualities  of  airplanes  are  improved.  Thus  the  rationale  and  data 
on  speed  stability  used  to  develop  requirements  in  MIL-F-8785B(ASG)  should 
apply  to  lifting  "e-entry  vehicles  v/ith  some  modification  to  make  the  require¬ 
ments  applicable  to  lifting  re-entry  Vehicle  Flight  Phases. 

Section  3. 2. 1.1  which  is  identified  as  "Longitudinal  static  stability" 
in  MIL-F-8785B(ASG)  is  identified  simply  as  "Longitudinal  trim  stability"  in 
the  case  of  lifting  re-entry  vehicles.  This  was  dene  to  overcome  any  misunder¬ 
standing  that  the  requirement  does  in  fact  measure  static  stability,  that  is, 
the  slope  of  the  pitching  moment  with  angle  of  attack,  independent  of  other 
factors.  It  also  does  not  measure  pitching  moment  variation  with  Mach  number, 
neutral  point  location,  etc.  This  is  especially  true  of  lifting  re-entry 
vehicles  that  will  spend  much  of  the  terminal  phase  of  flight  in  gliding 
turns  or  simply  gliding  flight.  All  of  the  characteristics  just  described 
certainly  do  influence  the  tendency  of  the  vehicle  to  diverge  from  or  return 
to  trim.  However,  it  would  be  difficult  to  isolate  the  effect  of  each  character¬ 
istic  on  the  basic  stability  conditions  of  the  vehicle  without  performing  a 
lengthy  test  program.  The  important  consideration  in  this  requirement  is  not 
what  specific  characteristics  caused  the  vehicle  to  react  in  the  way  it  does, 
but  the  overall  trim  characteristics  of  the  vehicle  with  changes  in  airspeed 
and  the  tendency  of  the  speed  to  diverge  aperiodically.  It  is  these  characcer- 
istics  that  the  requirement  specifies. 

Tlie  requirement  follows  the  requirement  for  airplanes  in  MIL-F-8785B(ASG) 
with  some  modifications.  In  terminal  gliding  flight,  indicated  airspeed  will 
be  a  more  representative  primary  flight  control  variable  than  equivalent  air¬ 
speed.  In  certain  Flight  Phases  of  a  re-entry  vehicle,  dynamic  pressure  or 
angle  of  attack  changes  in  gliding  flight  may  be  the  primary  flight  parameter 
and  either  of  these  may  be  used  in  lieu  of  airspeed. 

For  Level  3,  an  aperiodic  divergence  of  the  incremental  speed  or  other 
flight  variable  from  trim  is  permitted  provided  the  time  to  double  amplitude  is 
at  least  60  seconds.  As  shown  in  References  20,  21,  22,  23,  and  ?4,  a  certain 
amount  of  instability  can  be  allowed  for  Level  3.  Based  on  this  data,  and 
the  fact  that  the  pilot  will  be  generally  maintaining  tight  control  over  the 
vehicle  during  terminal  flight,  a  slight  aperiodic  divergence  in  speed  appears 
reasonable. 
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Requirements 


Relaxa*^ion  jn  trunsonic  flight 


3. 2. 1.1. 2  Elevator  control  force  variations  during  rapid  speed 
or  Mach  numbe7  changes 

3. 2. 1.1. 3  Elevator  control  force  variations  during  angle  of  attack 
transitions 


Discussion 


The  relaxation  in  spei^cl  stability  requirements  in  the  transonic  region 
follows  essentially  a  similar  ivlaxation  in  MIL-F-8785B(ASG) .  The  use  of 
equilibrium  trim  dynamic  pressure  or  angle  of  attack  is  permissible  as  the 
primary  flight  va-^'iable  rather  than  speed  for  certain  transonic  Flight  Phases 
of  a  re-entry  vehicle  where  these  variables  are  more  meaningful.  Relaxation 
is  allowed  for  more  prolonged  transonic  flight  of  an  experimental  vehicle 
with  the  approval  of  the  procuring  activity.  A  greater  relaxation  seems 
reasonable  for  a  vehicle  which  is  primarily  intended  for  an  experimental 
mission,  but  the  degree  of  relaxation  is  left  to  be  defined  by  the  procuring 
activity. 


The  requirements  in  3. 2. 1.1.2  during  rapid  speed  or  Mach  number 
changes  are  similar  for  airplanes  and  re-entry  vehicles  for  much  the  same 
reasons.  In  the  case  of  lifting  re-entr)  vehicles,  these  rapid  trim  changes 
may  be  associated  with  large  and  rapid  dy.iamic  pressure  or  angle  of  attack 
changes . 


Some  lifting  re-entry  vehicles  that  are  presently  under  study  are 
expected  to  re-enter  the  atmosphere  at  large  angles  of  attack,  as  high  as 
60  degrees,  and  perform  an  angle  of  attack  transition  before  terminal  flight 
glide  prior  to  landing.  This  has  been  descr.lbed  as  a  pitchover  and  pullout 
maneuver.  A  simulator  study  of  such  a  maneuver  is  described  in  some  detail 
in  Reference  25.  The  study  indicates  that  such  a  maneuver  can  be  performed 
by  the  pilot,  but  the  resul*s  are  too  prelimiuj?ry  to  establish  general  require¬ 
ments.  A  qualitative  requirement  such  as  that  presented  as  3. 2. 1.1. 3  '.s, 
however,  in  order.  It  is  hoped  that  in  the  future  a  quantitative  requirement 
can  be  developed. 

Requirements 

3. 2.1.2  Phugoid  stability 

3. 2. 1.3  Flight-path  stability 
Discussion 

As  stated  in  Reference  8,  "Although  pilot.,  can  handle  airplanes  having 
poor  phugoid  damping,  they  will  make  such  comments  as:  the  airplane  'requires 
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constant  attention,'  'is  frustrating  to  fly,'  and  'is  difficult  to  trim'." 

Because  of  its  nuisance  value,  if  for  no  other  reason,  it  is  desirable  to  have 
some  slight  phugoid  stability  or  to  at  least  limit  the  degree  of  instability 
for  some  vehicles  and  some  I.evels. 

For  an  operational  lifting  re-entry  veheile,  the  requirements  of 
MI I,-F-  8785B(ASG)  appear  to  be  as  valid  for  lifting  re-entry  vehicles  as  for 
ail-planes.  The  discussion  in  Reference  8  that  substantiates  these  requirements, 
even  though  the  requirements  are  admittedly  conservative,  should  also  apply 
to  lifting  re-entry  vehicle's.  Data  from  Reference  26  suggests  more  lenient 
phugoid  requirements  than  those  in  MIL-F-8785B(ASG) .  It  should  be  possible  to 
allow  more  lenient  phugoid  requirements  for  experimental  vehicles  than  those 
shown  in  3.2. 1.2.  Experimental  vehicles  will  be  flown  under  more  ideal  flight 
conditions  by  very  experienced  pilots.  Although  the  data  in  Reference  8 
appears  to  support  the  idea  of  more  lenient  phugoid  requirements,  it  is  d.ifficult, 
based  on  the  available  data,  to  establish  reasonaole  boundaries  for  an  experi¬ 
mental  lifting  re-entry  vehicle. 

For  purposes  of  analyzing  phugoid  motions,  especially  at  high  speeds, 
it  should  be  understood  that  altitude  changes  .nd  density  gradients  with  altitude 
will  affect  the  phugoid  characteristics.  Tlicse  -effects  on  phugoid  character¬ 
istics  are  summarized  at  all  flight  velocities  up  to  orbital  velocities  in 
Reference  27.  Reference  28  should  also  be  consulted  for  these  effects  at 
velocities  applicable  during  the  terminal  Flight  Phase  of  re-entry  at  low 
supersonic,  transonic,  and  subsonic  speeds. 

There  is  ample  evidence  to  indicate  that  operation  on  the  "backside" 
of  the  drag  curve  can  lead  to  problems  in  control  of  airspeed  and  flight-path 
angle.  For  a  powered  vehicle  this  is  also  spoken  of  as  operation  on  the 
"backside"  of  the  "power  required"  curve.  For  an  unpowered  vehicle  in  landing 
approach,  it  is  also  spoken  of  as  the  "backside"  of  the  L/D  curve. 

The  data  upon  which  the  requirements  of  MIL-F-8785B(ASG)  are  based 
are  presented  in  Reference  8  and  there  is  every  reason  to  believe  that  these 
data  are  equally  valid  for  powered  lifting  re-entry  vehicles  in  the  landing 
approach.  Although  flight-path  instability  is  allowed  for  powered  vehicles, 
there  is  little  evidence  to  indicate  that  flight-path  instability  should  be 
allowed  for  unpowered  approaches  of  lifting  re-entry  vehicles.  In  fact,  flight 
test  experience  from  high  energy  landing  approaches  of  airplanes  and  lifting 
re-entry  vehicles  tend  to  support  the  idea  that  pilots  need  some  flight-path 
stability  and  will  fly  unpowered  vehicles,  especially  low  (L/D)^^,^  vehicles  at 
sufficiently  high  approach  velocities  so  that  frontside  operation  is  assured 
during  the  entire  approach  to  touchdown  (References  29,  30,  31,  32,  33,  34, 
and  35).  Based  on  these  results,  and  the  present  opinions  of  those  experi¬ 
enced  with  unpowered  landing  at  Edwards,  California,  it  has  been  decided  to 
require  that  the  flight-path  angle  versus  indicated  airspeed  shall  have  a 
negative  local  slope  at  all  speeds  greater  than  the  vehicle  operational  touch¬ 
down  speed  minus  5  knots. 
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Feeling'  have  been  expressed  by  some  in  the  field  of  lifting  re-entry 
vehicle  design  that  some  "backside"  operation  can  be  safely  allowed  for 
unpowered  vehicles  during  the  float  period  or  following  the  flai'e.  Unfortunately, 
insufficient  information  exists  at  present  on  the  degree  of  flight-path  stability 
or  instability  that  is  acceptable  during  the  flare  and  float.  f„i  an  unpowered 
vehicle,  drag  modulation  in  the  form  of  spoilers  or  drag  brakes  is  very 
desirable  and  would  undoubtedly  have  an  influence  on  the  amount  of  "backside" 
operation  that  a  pilot  can  tolerate  in  the  flare  and  float. 

Suggestions  have  been  made  that  dTflda-  limits  are  not  necessarily  an 
adequate  specification  of  flight-path  control  requirements  in  the  landing 
approach.  It  has  been  suggested  that  other  factors  may  influence  the  problem 
such  as  pitch  attitude  control,  since  the  pilot  first  commands  pitch-attitude 
changes  with  the  elevator,  and  flight-path  angle  and  velocity  changes  result 
from  the  commanded  pitch- attitude  change.  In  this  connection,  it  may  be 
instructive  to  look  at  the  gains  and  time  constants  in  the  various  longitudinal 
transfer  functions  that  may  be  impoitant  during  the  landing  approach. 

Assuming  that  the  force  damping  terms  of  the  vehicle  are  negligibly 
small  and  the  lift  and  drag  derivatives  of  the  elevator  used  for  longit  linal 
control  are  negligibly  small,  it  is  possible  to  obtain  the  following  longitudinal 
transfer  functions  for  elevator  control  inputs: 


If  it  is  further  assumed  that  the  initial  flight-path  angle  is  sufficiently 
small  so  that  tenns  containing  sin  (^<7)  can  be  dropped  and  cos  can  be 

made  equal  to  one,  it  is  possible  to  approximate  the  terms  in  these  transfer 
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functions  as  indicated  below.  It  is  of  course  recognized  that  assuming 
sin  to  be  small  is  not  necessarily  a  good  assumption  for  unpowered  low 
(L/D)|nax  vehicles. 


It  is  interesting  to  note  that  many  of  tho  tiiTiC  constants  are  strongly 
interrelated  through  the  derivatives  and  do  not  necessarily  vary  independently 
of  one  another.  It  can  easily  be  established  that 

dsf  __  J_  J__  ^ t  _ L  J—  +  -L  (7) 

~  s  ~  S  '^r,  ”  9 

'rhe  last  terms,  can  be  related  to  the  phugoid  frequency  and  . 

Equation  7  now  becomes 

=.-L  (  ■  )  (8) 

da  '  ^  \  9  9  ^ur  J 

It  is  obvious  from  this  relationship  that  ijVf}  and  are  the  sasie  and 

differ  from  dd’ldu  by  only  a  constant,- 1/g.  At  zero  phugoid  frequency, 
is  identical  to  /Ai  and  //%V  ,  and  it  also  differs  from  dT'/mhy  the  same 
constant.  The  only  way  that  1  can  be  varied  independently  of  ddf/aa  is 
through  the  phugoid  frequency  and  When  the  phugoid  frequency  is  small, 
the  term  is  likely  to  be  negligibly  small. 

In  spite  of  the  assumptions  made  in  the  approximation  of  the  param¬ 
eters  discussed,  it  is  likely  to  be  true  that  these  parameters  are  not  inde¬ 
pendent  but  highly  functionally  related.  Variations  in  dZ^ldii  imply  highly 
functional  variations  in  i  i'^hf  ,  /  /  independent 

effects  of  these  parameters  on  flight -path  control  are  likely  to  be  small. 

Requirements 

3,2.2  Longitudinal  maneuvering  characteristics 

3. 2 . 2 . 1  Short-period  response 

3. 2.2. 1.1  Short-period  freqtiency  and  acceleration  sensitivity 

3. 2. 2. 1.2  Short-period  damping 

Discussion 


The  requirements  under  3.2.2  are  concerned  with  the  vehicle  maneu¬ 
vering  characteristics  in  response  to  pilot  inputs.  These  maneuvering 
responses  occur  over  a  relatively  short  period  of  time  during  which  the  flight 
conditions  of  the  vehicle  in  terms  of  speed,  altitude  and  dynamic  pressure 
have  not  varied  significantly  from  the  dynamic  response  point  of  view.  These 
conditions  usually  prevail  for  airplanes  and  are  expected  to  prevail  for  lifting 
re-entry  vehicles  during  tsnninal  flight  at  low  supersonic,  transonic,  and 
subsonic  speeds.  Tiey  may  not  prevail  generally  for  a  lifting  re-entry  vehicle 
flying  over  all  th.  Flight  Phases  of  a  fully  operational  lifting  re-entry 
vehicle  mission.  The  main  topics  of  concern  here  are  short-period  responses, 
control  feel  during  maneuvers,  and  pilot-induced  oscillations. 


Characteristics  dismissed  such  as  short-period  frequency,  short-peviod 
damping,  acceleration  s.nsitivity,  residual  oscillations,  control  feel,  cjnti'ol 
forces,  and  pilot-induced  oscillations  are  the  same  characteris tic^  specified 
for  airplanes  in  MIL-F-  87851HASG)  and  discussed  in  some  detail  in  Reference  8. 
Some  modifications  to  these  requirements  have  been  made  to  make  them  more 
applicable  to  lifting  re-entry  vehicles. 

All  indications  are  that  the  short-peiiod  frequency  requirements  of 
lifting  re-entry  vehicles  should  generally  be  similar  to  those  of  aii-planes  for 
a  comparable  Class.  Any  deficiencies  in  these  requirements  for  airplanes 
are  also  likely  to  be  deficiencies  for  lifting  le-entry  vehicles,  although  such 
general i nations  can  sometimes  be  misleading.  The  rationale  and  data  presented 
in  Reference  8  in  support  of  short-period  frequency  requirements  as  a  function 
of  f‘!cL  apply  equally  welt  to  lifting  re-entry  vehicles  during  terminal  flight 
based  on  present  experience  with  lifting  re-entry  vehicles. 

Figure  1  in  this  specification  indicates  that  short-period  frequency 
requirements  for  all  Flight  Phase  Categories  of  Class  IV  lifting  re-entry 
vehicles  are  equal  to  the  requirements  for  Category  A  Flight  Phases  for  con¬ 
ventional  airplanes.  At  low  r;/*: ’s,  the  Category  C  Flight  Phase  limits  on  n/oo 
for  lifting  re-entry  vehicles  are  identical  to  the  Category  C  Flight  Phase 
limits  for  Class  IV  airplanes.  Flight  expei-ience  with  small  lifting  re-entry 
vehicles  such  as  the  M2-F2,  HL-10,  X-24.A,  and  the  X  15  airplane  tend  to  sub¬ 
stantiate  the  feeling  that  in  their  longitudinal  requirements.  Class  IV  lifting 
ra-entr>'  vehicles  are  most  like  Class  IV  airplanes,  even  though  the  rapid 
maneuverability  and  high  load  factors  associated  with  Class  IV  airplanes  are 
not  generally  applicable  to  Class  IV  lifting  re-entry  vehicles.  Experience  has 
indicated  that  precise  flight-path  control  and  reasonably  rapid  maneuvering 
may  be  important  considerations  for  Class  IV  lifting  re-entry  vehicles  during 
Category  C  Flight  Phases.  This  is  especially  the  case  with  unpowered  vehicles 
in  the  landing  approach.  Flight  experience  also  indicates  that  Class  IV  lifting 
re-entry  vehicles  are  marginal  in  their  lateral-directional  characteristics, 
even  when  the  vehicles  are  augmented,  and  the  vehicles  are  generally  more 
sensitive  to  turbulence  than  is  the  case  for  conventional  airplanes.  All  of 
these  factors  combined  to  suggest  that  the  lower  boundaries  of  f(n^i)  for 

Class  IV  lifting  re-entry  vehicles  in  all  Flignt  Phase  Categories  should  be 
the  same  as  the  lower  boundaries  for  Category  A  Flight  Phases  of  airplanes. 

A  Class  IV  lifting  re-entry  vehicle  with  sluggish  response  or  inadequate 
sensitivity  is  likely  to  be  significantly  more  difficult  to  fly  than  a  Class  IV 
airplane  for  the  reasons  presented.  The  upper  boundaries  on  j (yi/cc,)  are 

the  same  for  all  Flight  Phase  Categories  of  airplane  and  lifting  re-entry 
vehicles  to  limit  the  degree  of  abruptness  or  high  sensitivity  of  the  response. 
Tliere  is  no  justifiable  reason  for  changing  these  boundaries  for  lifting 
re-entry  vehicles. 

Lower  iimits  on  are  associated  with  tasks  requiring  precise 

control  of  pitch  attitude,  and  lower  iimits  on  and  n/cc  are  expected  co 

be  associated  with  precise  control  of  attitude  and  flight-path  angle,  especially 
for  Category  C  Flight  Phases.  Beth  and  rz/n,  lower  bouridaries  are  subjects 
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for  a  great  deal  of  discussion  and  difference  of  opinion  which  are  difficujt 
to  resolve  with  the  available  data.  Excv-pt  for  some  qualifications  on  the 
lower  limit  requirements  of  and  r>/oc.  that  will  be  discussed  later,  it 
seemed  reasonable  to  keep  the  lower  limits  on  the  same  as  Category  A 

Flight  Phases  of  airplanes  and  the  lower  limits  on  the  same  as  (ategors  (' 
Flight  Phases  of  Class  IV  airplanes. 

Class  III  lifting  re-entry  vehicles  are  most  like  Class  Ilf  ai  .Janes. 

No  actual  flight  experience  exists  tor  Class  III  lifting  re-sntrv  vrlin.’  s. 

Until  quite  recently,  due  to  .NASA  efforts  in  connection  with  the  SS\ ,  n>) 

Class  III  lifting  re-entry  vehicles  have  been  given  serious  consi cieratj on . 

The  short-period  frequency  requirements  established  for  Class  III  lifting 
re-entry  vehicles  are  shown  as  Figure  2  in  the  requirements  presented  in 
Section  II.  Category  C  lower  boundaries  of  o) iox  lifting  rc-entiy 
vehicles  are  the  same  as  the  Category  C  lower  boundaries  for  airjilanos. 

Category  A  and  B  lower  bo'ondaries  are  essentially  the  same  as  Category  b 
lower  boundaries  for  airplanes  with  one  exception.  In  the  interest  of 
simplicity,  the  Level  1  lower  boundary  was  raised  slightly  irom  j(yfM)  = 

0.08S  to  iOn^pjCn/oi)  =  0.096  to  coincide  with  the  Level  2  and  3  houiidary  for 
Flight  Phase  Category  C.  The  lower  limits  on  at  low  a  and  the  lower 

limits  on  n/cL  for  Category  C  Flight  Phases  are  identical  to  those  of  Class  HI 
airplanes.  Class  III  lifting  re-entry  vehicles,  because  of  their  weight.o  and 
inertias,  are  expect'd  to  be  less  sensitive  to  turbulence  effects  than  Class  IV 
lifting  re-entry  vehicle.  This,  coupled  with  the  lack  of  data  and  flight 
experience,  appears  not  to  justify  any  stricter  requirements  for  Class  Ill 
lifting  re-entry  vehicles. 

Lower  limits  on  are  associated  with  a  degradation  of  t.he 
tivity  of  the  vehicle,  i.e.,  the  response  becomes  sluggish  and  the  attitude 
changes  following  a  pilot  input  are  slow  and  difficult  to  predict.  Lower  limits 
on  7?/^  ,  or  ,  are  associated  with  a  decrease  in  the  responsiveness  of  the 
vehicle  in  terms  of  flight-path  angle  changes.  Adequate  and  sufficiently 
rapid  flight-path  angle  changes  are  especially  important  in  the  landing  appi-oach 
Flight  Phase,  lower  limits  on  and  »/&  are  difficult  to  establish  based  on 
the  available  data,  and  to  some  extent  these  lower  limits  are  arbitrary.  It 
is  also  true  that  lower  limits  onvM  can  impose  design  constraints  on  the 
maximum  of  the  vehicle  or  its  wing  loading,  but  constraints  on  or  wing 
loading  are  not  likely  tc  be  a  serious  consideration  for  lifting  re-entry 
vehicles,  especially  unpowerod  vehicles  which  are  required  to  fly  much  or  all 
of  the  approach  and  landing  on  the  frontside  of  the  curve.  In  view 

of  these  considerations,  it  was  decided  that  the  yy/or  requirements  can  be 
relaxed  if  adequate  justification  can  be  presented  to  the  procuring  activity. 

As  is  the  case  for  airplanes,  both  and  ff/ot  requirements  can  be  relaxed 

if  suitable  means  are  provided  for  controlling  lift  directly. 

For  the  unpowered  landing  of  Class  III  vehicles,  there  is  some  indica¬ 
tion  that  the  sluggish  response  will  make  it  difficult  to  obtain  adequate  flight- 
path  changes  without  overdriving  the  vehicle  through  the  pitch  control  which 
can  lead  to  closed- loop  difficulties  in  flight-path  control  during  the  landing 
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approach.  Th«refore,  the  adequacy  of  v..e  lower  limit-  on  for  Class  III 
vehicles  mi;st  be  established  by  the  contractor  for  unpowsrod  landings. 

Considerable  data  are  presented  in  Reference  8  from  which  these 
short-period  frequency  requirements  were  established  for  airplanes.  Handling 
qualities  data  on  short-period  frequency  requirements  of  lifting  re-entry 
vehicles  is  extremely  limited.  Nothing  in  published  reports  appears  to  refute 
the  requirements  established  here  during  terminal  flight  at  low  supersonic, 
transonic,  or  subsonic  speeds.  There  are  differences  of  opinion,  based  on 
limited  and  inconclusive  data  for  airplanes,  on  the  limits  on  at  low 

and  the  lower  limits  on  .  especially  for  Category'  C  Flight  Phases.  Some 
of  these  differences  extend  to  what  the  important  parameters  are  in  this 
flight  area  and  how  the  requirements  should  be  stated  in  terms  of  these 
parameters . 

Reference  35  presents  some  data  on  flight  test  results  with  the  M2-F2 
and  HL-10  lifting  re-entry  vehicles,  and  some  fixed-base  ground  simulator 
results  based  on  a  simulation  of  aii  HL-10  shuttle,  i.e.,  an  HL-10  increased 
in  size  to  perform  the  Shuttle  mission  (Figures  12  and  13).  Flight  test  results 
on  the  HL-10  and  M2-F2  agree  quite  well  with  the  specification  requirements 
for  Class  iV  vehicles.  Also  shown  on  Figure  12  are  some  flight  test  results 
of  the  X-24A  obtained  from  unpublished  data.  The  HL-10  shuttle  ground  simulator 
results  (Figure  13)  tend  to  show  more  restrictive  boundaries  on  for  both 
Level  1  and  Level  2.  The  Level  1  boundaries  on  frequency  agree  with  the  speci¬ 
fication,  but  the  Level  2  boundaries  on  frequency  are  expanded.  The  lack  of 
proper  proprioceptive  pilot  cues  may  be  an  important  consideration  in  these 
discrepancies  since  it  has  been  established  that  proper  proprioceptive  cues 
are  important  in  establishing  short-period  frequency  requirements.  Many  of 
the  experimental  details  concerning  these  results  are  not  known. 

There  is  ample  evidence  in  the  published  literature  that  the  short 
period  frequency  requirements  can  usually  be  met,  at  least  during  subsonic 
terminal  flight,  and  often  without  augmentation.  Data  on  the  M2-F2,  HL-iO, 

X-24A,  X-15,  and  X-20  were  examined.  Very  little  definitive  pilot  rating  or 
comment  data  exist  to  go  with  these  short-period  frequencies,  so  the  data 
are  not  presented. 

For  an  operational  lifting  re-entry  vehicle,  the  short-period  damping 
requirements  follow  essentially  the  airplane  requirements  in  MIL-F-8785B(ASG) 
with  one  notable  exception.  Category  A  Flight  Phases  for  lifting  re-entry 
vehicles  are  certainly  not  as  demanding  as  Category  A  Flight  Phases  of  airplanes, 
and  they  are  certainly  not  as  demanding  as  Category  C  Flight  Phases  of  airplanes 
or  lifting  re-entry  vehicles.  Based  on  the  categorization  of  re-entry  vehicle 
Flight  Phases,  Category  A  and  B  Flight  Phases  are  now  logically  grouped  together 
in  specifying  short-period  damping  requirements  for  re-entry  vehicles. 

The  data  upon  which  these  dandling  requirements  are  based  are  presented 
in  Reference  8,  and  these  data  actually  indicate  lower  damping  requirements 
than  those  specified.  It  was  felt  that  although  the  data  did  include  the 
effects  of  turbulence  to  some  degree,  the  lowe"^  limits  would  not  be  adequate 
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Figurfe  12  COMPARISON  OF  M2-F2,HL-10  AND  X-24A  FLIGHT  Figure  13  COMPARISON  OF  HL-10  SHUTTLE  GROUND 
TEST  RESULTS  TO  CLASS  IST  SHORT-PERIOD  SIMULATION  RESULTS  TO  CLASS  IH 

FREQUENCY  REQUIREMENTS  SHORT  PERIOD  FREQUE^4CY  REQUIREMENTS 


under  realistic  turbulence  conditions,  therefore  the  lower  limits  were  increased 
to  those  shown.  Since  experimental  lifting  re-entry  vehicles  are  likely  to 
operate  under  significantly  lower  turbulence  levels  than  operational  vehicles, 
it  was  felt  that  the  minimum  damping  requirements  indicated  by  the  data  and 
presented  in  Reference  8  should  be  adequate  for  experimental  vehicles. 

The  upper  limits  of  in  MIL-F-8785B(ASG)  are  based  mostly  on 
engineering  judgment,  therefore  it  seemed  advisable  to  allow  the  upper  limits 
to  be  relaxed  for  lifting  re-entry  vehicles,  at  least  for  Category  C  Flight 
Phases,  if  such  relaxation  can  be  justified  by  the  contractor  and  approval  is 
obtained  from  the  procuring  activity. 

A  recent  in-flight  simulation  program  investigated  minimum  longitu¬ 
dinal.  handling  qualities  for  transport  aircraft  (Reference  36) .  These  flight 
test  results  were  obtained  by  NASA  Flight  Resear(^  Center  in  their  GPAS 
airplane.  These  results  indicate  that  a  transport  airplane  in  cruising  flight 
(Category  B  Flight  Phase)  can  have  more  lenient  requirements  than  those 
specified  in  both  damping  and  frequency  and  still  have  acceptable  handling 
qualities  (Pilot  Rating  less  than  6.S).  In  fact,  with  frequencies  greater  than 
1.0  to  1.5,  some  negative  damping  is  acceptable.  The  results  also  indicate 
that  a  degree  of  static  instability  is  acceptable  if  the  airplane  has  adequate 
damping.  The  tests  were  performed  VFR  in  daylight  and  in  smooth  air.  It 
would,  however,  be  necessary  to  perform  these  same  tests  with  turbulence 
before  definite  recommendations  can  be  made  to  relax  the  damping  requirements 
and  the  requirements  on  f  (f>M)  » 

Reference  37  presents  some  short-period  frequency  and  damping  ratio 
data,  with  associated  pilot  rating,  on  the  X-15  airplane  between  M  »  2.5  to 
5.5  and  q  -  100  to  1400  pounds  per  square  foot.  The  data  are  not  presented 
here  since  no  explanation  of  flight  conditions  and  tasks  associated  with  the 
ratings  is  presented  in  the  report,  except  that  the  flight  conditions  were  at 
high  Mach  nunfcers  and  must  have  been  at  reasonably  high  altitudes.  It  is 
assumed  that  these  can  probably  be  considered  as  Category  A  or  B  Flight  Phases. 
All  of  the  data  presented  agree  quite  well  with  the  requirements  established 
for  a  Class  IV  (E),  i.e.,  a  Class  IV  experimental  vehicle. 

Suggestions  have  been  made,  especially  for  Category  C  Flight  Phases, 
that  short-period  requirements  are  more  complex  and  are  not  adequately  covered 
by  the  requirements  as  stated  in  MT,L-F-8785B(ASG) .  Requirements  on  c^^^^and 

as  functions  of  V  or  have  been  suggested  as  well  as  require¬ 

ments  for  minimum  n/tn,  as  a  function  of  airspeed  (Vq),  None  of  these  require¬ 
ments,  based  on  existing  data,  is  adequately  supported  or  introduces  any 
significant  improvements  over  the  requirements  as  they  are  presently  stated. 
Additional  experimental  and  theoretical  work  in  this  area  is  desirable  to 
establish  more  definitive  requirements. 
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3.2.2.!./.  kei^idual  osc:l]atlon;> 

Pi  i.  cuss  i  on 

This  paragraph  is  essentially  a  qualitative  requirement  on  resi  ual 
oscillations  a?  th»  .reflect  on  tne  handling  qualitie.'-  of  the  vehicle.  le 
requirement  as  .stated  for  re-<.ntry  vehicles  doe^  emphasize  the  fact  that 
residual  oscillations  due  to  ximit  cycle  and  stmctural  resonance  are  to  be 
considered  -Aith  the  fliglu  cci  trol  system  S.aS  gains  required  to  meet  handling 
qualities  requirements,  lixporience  with  Che  X-IS,  M2-F2,  and  X-24A  vehicles 
has  emphasized  the  fact  that  SA3  systems  can  lead  to  limit  cycle  and  structural 
resonance  problems  and  these  problems  are  a  function  of  the  gains  required  in 
the  SAS  system  channels.  The  requirement  on  pitch-attitude  oscillations  less 
than  i3  mils  for  Category  A  Flight  Phases,  which  appears  in  MIL-F-8785B(ASG) , 
has  been  removed  since  tight  tracking,  in-flight  refueling,  or  formation  flying 
are  not  requirements  for  Category  A  Flight  Phases  of  re-entry  vehicles. 

In  a  preliminary  draft  of  lifting  re-entry  vehicle  handling  qualities 
requirements  (Reference  9),  very  specific  quantitative  requirements  on  limit 
cycle  and  structural  resonance  were  presented  and  these  were  obtained  from 
Reference  38.  After  considerable  investigation  of  the  data  and  discussions 
with  personnel  at  NASA  Edwards,  it  was  decided  that  the  requirements  were  in 
reality  not  handling  qualities  requirements  but  flight  control  system  require¬ 
ments.  Therefore,  these  quantitative  requirements  have  been  removed;  the 
rationale  is  presented  below. 

Limit  cycles  are  self-sustaining  oscillations  in  closed- loop  systems 
caused  by  phase  lag  introduced  through  nonlinearities  such  as  hysteresis, 

"slop",  and  "dead-band".  Since  all  flight  control  systems  exhibit  electrical 
or  mechanical  nonlinearities,  all  augmented  vehicles  will  have  limit  cycles 
to  some  degree.  In  lifting  re-entry  vehicles,  where  it  may  be  desirable  or 
necessary  to  operate  at  high  augmentation  system  gains,  there  is  a  danger 
of  limit  cycles  reaching  magnitudes  which  might  cause  ic-s  of  control  by  the 
pilot  or  destruction  of  the  vehicle.  NASA  F'KC  at  Edwards,  California  has 
developed  a  ground  testing  technique  for  limit  cycle  characteristics  which 
has  been  applied  to  aircraft  such  as  the  -X-lS,  F-111,  and  to  lifting  bodies 
such  as  M2~F2,  ML- 10,  and  X-24A. 

Figure  14  is  a  block  diagram  of  a  typical  ground  test  setup.  The 
analog  computer  is  used  to  simulate  the  vehicle  response  to  control  surface 
motion.  A  single  vehicle  transfer  function  in  the  analog  computer  relates 
vehicle  rate  to  control  surface  deflection.  The  computed  angular  rate  operates 
the  vehicle  gyro  through  a  torque  circuit.  The  test  technique  consists  of 
introducing  a  disturbance  into  the  system  through  the  pilot  controls  at  each 
level  of  total  loop  gain  to  be  tested.  As  an  example,  the  total  pitch  loop 
gain  is  ,  SAS  gain  ( =  5"^/^  times  the  control  power  The  elevator 

limit  cycle  amplitude,  (SAS  gain  times  pitch  rate  peak  to  peak  amplitude), 
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and  limit  cycle  frequency  are  plotted  as  functions  of  total  loop  gain^^^A^^^} 
in  Figure  IS.  Figure  15  was  taken  from  Reference  38  and  shows  the  limit  cycle 
characteristics  of  the  X-24A.  Typically,  as  total  loop  gain  is  increased, 
both  the  limit  cycle  amplitude  and  frequency  increase.  At  low  gains,  the 
limit  cycle  is  primarily  attributable  to  hysteresis  effects  in  the  control 
system.  At  higher  gains,  the  phase  lag  due  to  hysteresis  diminishes  and 
phase  lags  due  to  elements  such  as  the  gyros  and  servo  actuators  begin  to 
predominate.  The  knee  in  the  limit  cycle  amplitude  versus  loop  gain  plot 
corresponds  to  the  condition  where  the  total  loop  phase  lag  begins  to  exceed 
180  degrees.  This  condition  is  called  the  crossover  point. 

If  the  total  loop  gain  continues  to  increase  beyond  the  crossover  point, 
the  limit  cycle  becomes  unstable.  Further  increases  in  gain  can  result  in 
i*ate  limits  of  the  control  surface  actuators.  Under  these  conditions,  the 
control  actuators  cannot  respond  to  stabilizing  signals  from  the  SAS  and  the 
oscillations  will  rapidly  diverge.  Depending  on  the  control  system  configura¬ 
tion,  rate  limiting  of  control  surface  actuators  cannot  respond  to  stabilizing 
signals  from  the  S.AS  and  the  oscillations  will  rapidly  diverge.  Depending  on 
the  control  system  configuration,  rate  limiting  of  control  surface  actuators 
may  also  result  in  forces  being  fed  back  to  the  pilot's  controls. 

Reference  38  states  that  flight  test  experience  has  shown  that  the 
amplitude  of  the  steady-state  control  surface  limit  cycle  is  a  good  indication 
of  both  the  proximity  of  the  limit  cycle  to  the  crossover  point  and  the  degree 
of  pilot  concern  about  the  magnitude  of  the  limit  cycle.  Figure  16  from 
Reference  38  presents  a  limit  cycle  acceptance  criteria  in  terms  of  limit 
cycle  control  surface  amplitude.  The  various  regions  have  been  established 
through  flight  test  experience  with  higi'.  performance  aircraft  and  manned 
lifting  bodies.  A  qualitative  description  of  the  vehicle  characteristics 
appropriate  to  each  of  the  regions  from  the  pilot's  point  of  view  are  summarized 
below  as  obtained  from  Reference  38. 

Acceptable  -  Limit  cycle  unnoticed  by  the  pilot  in  flight,  causes 
no  problems  in  controlling  the  vehicle 

Marginal  -  Limit  cycles  detected  by  the  pilot,  controllability 
decreased  for  precise  maneuvers.  The  pilot  feels 
the  normal  acceleration  and  sometimes  may  feel 
that  it  is  buffet.  It  gives  the  pilot  the  feeling 
that  he  is  going  to  lose  control  of  the  vehicle 

Unacceptable  -  Limit  cycles  can  cause  the  pilot  to  lose  control 
of  the  vehicle 

Destructive  -  Aerodynamic  loads  approach  the  structural  limitations 
of  the  vehicle  and  continue  until  failure  occurs 

Based  on  the  above  word  descriptions,  it  may  appear  that  limit  cycle 
amplitudes  in  the  acceptable  region  are  a  requirement  for  Level  1  handling 
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PILOT  INPUTS 


ANGULAR  RATE.  DEG/SEG 


Figure  14  GROUND  TEST  SET-UP 


CONTROL  POWER  x  GAIN/x^ 


Figure  15  X-24A  PJTCH  LIMIT-CYCLE  CHARACTERISTICS 


Figure  16  LIMIT  CYCLE  ACCEPTANCE  CRITERIA 
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qualities.  Similarly  limit  cycles  in  the  Marginal  and  Unacceptable  region 
might  be  considei'ed  as  requirements  for  Level  2  and  Level  3  handling  qualities, 
lliis  association  of  handling  qualities  regions  with  Levels  was  responsible  for 
the  preliminary  limit  cycle  requirements  presented  in  Reference  9. 

On  closer  examination,  it  was  decided  that  the  regions  and  their  word 
descriptions  are  probably  not  easily  equatable  to  handling  qualities  and 
handling  qualities  Levels.  It  is  obvious  that  the  Acceptable  limit  cycle 
region  would  lead  to  no  handling  qualities  problem  and  would  certainly  be  in 
Level  1.  The  Marginal  region  indicates  that  limit  cycles  are  "detected"  by 
the  pilot,  but  the  pilot  feels  he  is  going  to  lose  control  of  the  vehicle, 

Ihese  two  word  descriptions  seem  inconsistent  except  for  the  qualifying  words 
"the  pilot  feels".  Also,  how  are  these  words  related  to  an  "increase  in  pilot 
workload  or  degradation  in  mission  effectiveness  or  both",  that  would  lead 
one  to  believe  that  this  amplitude  of  limit  cycle  would  result  in  Level  2 
handling  qualities?  The  description  of  the  Unacceptable  limit  cycle  region 
states  that  the  "limit  cycles  can  cause  the  pilot  to  lose  control  of  the 
vehicle",  yet  with  Level  3  handling  qualities,  safe  control  of  the  vehicle  is 
never  in  doubt.  It  is  also  interesting  to  note  that  increasing  the  limit  cycle 
amplitude  that  is  just  detectable  (Marginal  regie  0  by  less  than  50  percent 
will  lead  to  limit  cycles  that  "can  cause  the  pilot  to  lose  control  of  the 
vehicle"  (Unacceptable  region). 

It  appears  tint  the  word  descriptions  of  limit  cycle  levels  are  more 
associated  with  pilot  anxiety  than  they  are  with  handling  qualities  control 
problems,  as  such.  If,  in  fact,  the  limit  cycles  are  related  to  handling 
qualities,  they  must  be  s'  related  by  the  oscillatory  accelerations  in  the 
pilot's  cockpit  due  to  the-  limit  cycles.  This  would  suggest  that  a  knowledge 
of  the  cockpit  acceleration  levels  at  each  of  the  boundaries  would  allow  a 
meaningful  handling  qualities  criterion  to  be  related  to  "g"  level.s  at  the 
pilot's  station.  Sud^  g  levels  are  a  function  of  more  than  just  control 
surface  limit  cycle  amplitude  and  frequency.  They  are  a  function  also  of 
control  surface  effectiveness,  vehicle  dynamics  at  the  limit  cycle  frequency, 
pilot's  location  with  respect  to  the  c.g.,  ncnlinearities,  etc.  All  of  these 
characteristics  would  lead  to  different  g  levels  in  going  from  one  vehicle  to 
another  even  though  the  control  surface  limit  cycle  amplitude  is  the  same. 

Since  no  published  acceleration  data  were  available,  the  cockpit  normal 
acceleration  levels  at  the  limit  cycle  criteria  boundaries  were  calculated 
for  two  of  the  lifting  body  configurations  using  a  two- degree- of- freedom 
analysis . 

For  the  original  WL-10  SAS  system,  the  limit  cycle  frequencies  at  the 


limit  cycle  boundaries  were  as 

follows: 

(Degrees  peak 

Frequency 

Region 

to  peak) 

(cycles/second) 

UC 


Acceptable 

Marginal 

Unacceptable 


0.5 

1.0 

1.5 


1.8 

2.4 

2.6 


If  it  is  assumed  that  >  i.e.,  that  there  is  negligible  gain  attenua¬ 

tion  due  to  augmentation  loop  dynamics,  it  is  possible  to  estimate  the  cockpit 
acceleration  amplitude  at  the  region  boundaries.  The  results  are  as  follows: 


Region 

(Degrees  peak 
to  peak) 

Cockpit 

Acceleration 

(g's) 

Acceptable 

0.5 

.006 

Marginal 

1.0 

.012 

Unacceptable 

1.5 

.020 

r-imilar  calculations  for  the 

M2-F2  yield  the 

following  acceleration  levels 

Region 

(Degrees  peak 
to  peak) 

Cockpit 

Accelerations 

(g's) 

Acceptable 

O.S 

.001 

Marginal 

1.0 

.003 

Unacceptable 

1.5 

.006 

Reference  39  indicates  that  over  the  frequency  range  associated  with 
limit  cycles,  the  acceleration  perception  threshold  is  of  the  order  of  0.001 
g's.  Thus  the  acceleration  levels  estimated  for  these  lifting  bodies  at 

0.5  would  probably  be  noticeable  to  the  pilot,  but  it  is  difficult  to  reconcile 
that  the  word  descriptions  associated  with  the  regions  are  really  descriptive 
of  handling  qualities  characteristics  related  to  the  g  levels  at  the  pilot's 
cockpit.  A  'g"  level  due  to  a  limit  cycle  of  .01  to  .02  at  the  pilot's  station 
can  hardly  "cause  the  pilot  to  lose  control". 

Informal  conversations  with  NASA-FRC  personnel  who  have  been  intimately 
concerned  with  limit  cycle  problems,  including  pilots,  indicates  that  the 
primary  concern  has  been  the  anxiety  of  the  pilot  and  the  danger  that  the 
augmentation  gains  would  reach  levels  that  would  cause  limit  cycle  instability. 
It  was  pointed  out  that  the  vehicle  motions  voder  the  conditions  of  limit 
cycle  as  presented  in  Reference  38  were  not  of  particular  concern  from  the 
standpoint  of  handling  qualities  difficulties,  provided  limit  cycle  instability 
was  avoided.  Reference  was  made  to  recent  studies  (Reference  40)  conducted  by 
the  Flight  Research  Center  (FRC)  of  NASA  regarding  the  effects  of  buffet 
intensity  on  handling  qualities  in  precision  tracking  tasks.  Although  these 
aircraft  motions  under  buffet  conditions  have  a  continuous  power  spectnun  rather 
than  a  line  spectrum  as  is  the  case  with  limit  cycle  motions,  these  experiments 
are  of  significance  to  the  limit  cycle  question.  The  results  indicate  that 
buffet  intensity  variations  between  0  to  0.2  g's  rms  produced  very  small  changes 
in  tracking  precision  for  three  high  performance  aircraft.  However,  tracking 
errors  increased  greatly  when  the  handling  qualities  of  tne  aircraft  were 
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degraded  by  such  factors  as  high  adverse  yaw.  It  is  concluded  that  much  higher 
acceleration  levels  can  be  tolerated  with  little  loss  of  mission  effectiveness 
than  the  levels  computed  at  the  limit  cycle  criteria  boundarle;>  of  Reference  38. 
These  criteria  are  more  related  tc  control  system  design  requ-rements  to 
prevent  augmentation  system  gains  from  reaching  levels  which  can  drive  the 
limit  cycle  unstable  with  the  resulting  <  ngcr  of  damage  to  the  flight  control 
system,  or  structural  damage  to  the  airplane. 

Similar  arguments  are  applicable  to  control  system  gains  that  will 
cause  structural  resonance,  i.e.,  control  system  gains  that  cause  structural 
resonance  are  to  be  avoided  for  reasons  other  than  handling  qualities,  reasons 
such  as  structural  dasnage  due  to  fatigue,  etc. 

Requirements 

3. 2. 2. 2  Control  feel  and  control  motion  in  maneuvering  flight 

3. 2. 2. 2.1  Control  forces  in  maneuvering  flight 

3. 2. 2. 2. 2  Control  motions  in  maneuvering  flight 
Discussion 


The  title  of  3. 2. 2. 2  has  been  changed  from  "Control  feel  and  st.»ui!?ty 
in  maneuvering  flight",  which  appears  in  MIL-F-8785B(ASG) ,  to  "Control  feel 
and  control  motion  in  maneuvering  flight".  This  emphasizes  that  the  require¬ 
ment  has  been  changed  such  that  a  stable  variation  of  elevator  surface  positions 
with  normal  acceleration  is  no  longer  required. 

The  requirement  of  stable  control  force  and  position  variations  with 
normal  acceleration  at  constant  speed  will  insure  ^hat  the  vehicle  has  a  stick- 
free  and  stick-fixed  short-period  mode.  The  deletion  of  the  requirement  on 
stable  control  surface  motions,  and  unaugmented  vehicle  static  stability  is 
thought  to  be  justified  for  lifting  re-entry  vehicles  that  in  all  probability 
will  be  highly  augmented.  Reliability  requirements  for  such  vehicles  and  their 
subsystei'iis  will  generally  be  high  because  of  high  program  and  vehicle  costs, 
mission  complexity,  passenger  safety,  and  vehicle  and  environmental  unknowns. 

It  is  also  true  that  in  some  instances,  design  requirements  for  optimizing 
payload  will  be  very  critical  considerations,  and  allowing  more  aft  c.g. 
positions,  or  unaugraented  vehicle  statrc  instability  for  some  Flight  Phases 
may  be  an  important  consideration  in  the  optimization  process.  All  of  these 
factors  tend  to  suggest  that  once  the  handling  qualities  Levels  and  reliability 
requirements  are  met,  there  should  not  be  an  inconsistent  and  special  require¬ 
ment  that  does  not  allow  the  basic,  unaugmented  vehicle  to  be  uristable. 

rhis  is  another  instance  where  some  data,  such  as  that  in  Reference 
36,  indicate  that  some  instability  may  be  tolerated  for  Level  3  and  possibly 
even  Level  2.  But  concerns  for  sucli  effects  as  turbulence,  design  uncertain¬ 
ties,  and  having  several  Level  3  flying  qualities  at  the  same  time  have 
resulted  in  the  specification  of  more  conservative  requirements. 


It  should  be  emphasized  that  augmenting  an  unstable  vehicle  to  a 
particular  level  of  stability  will  imply  a  larger  percentage  of  total  control 
deflections  or  control  power  for  augmentation  than  is  true  for  a  stable  vehicle. 
In  such  cases,  one  must  be  assured  that  sufficient  control  power  remains  for 
maneuvering  and  trimming  the  vehicle  during  all  of  its  Flight  Phases. 

The  minimum  and  maximum  maneuver  force  gradient  limits  at  the 

higher  v/oi  s  are  tlie  same  for  lifting  re-entry  vehicles  and  airplanes  as 
specified  in  MIL-F-8785B(ASG) .  As  is  true  for  airplanes,  the  gradients  are 
higher  for  wheel  controllers  than  for  center-stick  controllers.  In  the  case 
of  unpowered  lifting  re-entry  vehicles,  the  requirements  apply  in  steady 
gliding  turns  at  constant  indicated  airspeed.  Lifting  re-entry  vehicles  in 
terminal  flight  fly  and  maneuver  much  like  airplanes;  it  therefore  appears 
to  be  rational  to  make  the  requirements  a  function  of  limit  load  factor  as  is 
the  case  for  airplanes. 

As  explained  in  Reference  8,  there  is  ample  evidence  that  at  very  low 
values  of  F^/77  can  i.nd  should  be  higher  than  at  high  values  of  n/'Si, . 

Given  a  choice  (References  41  and  42),  the  pilot  tends  to  select  a  constant 
value  of  F^lti  at  high  'nice  ,  but  a  constant  value  of  F^lti  at  low  v/et.  At 
low  r) til  the  pilot  is  concerned  with  the  control  of  pitch  attitude.  These 
factors  are  related  by  the  following  formula: 


7) 

06 


At  low  77/00  s,  if  F,/o6  is  held  fixed  at  some  desired  value,  then  will  vary 
inversely  with  7i/oc.  .  The  requirements  for  airplanes  in  MIL-F-8785B(AS6)  also 
specify  fixed  maTcimum  and  minimum  values  of  under  certain  conditions.  For 
airplanes,  as  77/fc  decreases,  will  decrease  whenF^/;?  is  held  constant 

at  its  fixed  maximum  or  minimum  values. 

Although  there  may  be  rational  reasons  for  establishing  upper  limit! 
on  77  at  low  values  of  Ti/v.  for  airplanes,  such  upper  limits  are  not  well 
founded,  and  this  is  especially  true  for  lifting  re-entry  vehicles  which  will 
fly  under  flight  conditions  of  low  dynamic  pressure  where  77/«o  is  small.  Fixing 
the  maximum  value  of  F^jfJ  will  imply  that  the  same  attitude  changes  of  the 
vehicle  can  be  made  with  lower  stick  forces  as  77/0:  is  reduced.  Whether  such 
low  values  of  F^Joc,  at  low  dynamic  pressures  are  permissible  or  desirable  is  a 
function  of  many  things  such  as  mission,  tasks,  and  the  kind  of  stabilization 
system  provided  for  the  vehicle.  Such  requirements  are  outside  the  scope  of 
this  specification  whidi  is  eTqiected  to  apply  only  when  the  vehicle  is  in 
essentially  atmospheric  flight  and  it  can  develop  aerodynamic  forces  to 
essentially  sustain  the  weight  of  the  vehicle. 

It  was  decided  that  for  the  purposes  of  this  specification  the  fixed 
upper  limits  on  maximum  F^/77  at  low  y)/oi>  5  would  be  eliminated  for  Level  1  and 
Level  2.  This  allows  maximum  F^l  n  to  vary  inversely  with  Y>/oc ,  mAF^Jc^  to 
remain  constant  as  v/x  is  reduced.  For  Level  3  the  fixed  upper  limits  for 
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maximuiR  F^jn  are  the  same  as  the  requirements  for  airplanes,  except  that  Level  3 
values  of  maximiun  /^s/77  are  not  allowed  to  be  lower  than  Level  2  values.  The 
minimum  limits  on  were  allowed  to  remain  the  same  for  lifting  re-entry 
vehicles  and  airplanes.  Iflien  is  fixed  and  independent  of  fi/ocy  Fix  is 

allowed  to  decrease  as  n/ot  decreases. 

It  is  well  to  point  out  that  the  requirements  for  lifting  re-entry 
vehicles  differ  from  the  requirements  for  airplanes  only  when  v/oL  is  less  than 
8.5  for  center-stick  controllers  and  less  than  4.25  for  wheel  controllers. 

The  limited  data  available  and  presented  in  Reference  8  indicate  that 
no  requirements  caaM  be  established  for  Category  C  Flight  Phases  on  minimum 
elevator  control  force  per  inch  of  control  deflection  for  airplanes.  The 
limited  data  available  for  Category  A  Flight  Phases  appear  to  indicate  that 
control  force  per  inch  of  elevator- control  deflection  at  constant  speed  should 
not  be  less  than  17  pounds  per  inch  for  Level  1  and  not  less  than  7  pounds  per 
inch  for  Level  2.  Contractors  have  objected  to  these  large  values  and  have 
cited  numerous  examples  of  airplanes  and  re-entry  vehicles  with  smaller  values 
that  have  been  acceptable  to  pilots.  Therefore  a  minimum  value  of  5  pounds 
per  inch  was  specified  for  airplanes  for  Catefo:.y  A  Flight  Phases.  In  the 
case  of  lifting  re-entry  vehicles,  this  value  is  specified  only  for  Category  C 
Flight  Phases  since  Category  C  for  re-entry  vehicles  is  most  comparable  to 
Category  A  for  airplanes  in  terms  of  precision  attitude  and  flight-path  control. 

Requirements 

3.2.2. 3  Longitudinal  pilot-induced  oscillations 
3. 2. 2. 3.1  Transient  control  forces 


Discussion 


Tlie  qualitative  requirement  on  pilot-induced  oscillations  is  the  same 
requirement  stated  for  airplanes  in  MIL-F-8785BCASG) .  These  requirements 
will  of  course  be  met  with  the  SAS  gains  that  are  necessary  to  meet  the  other 
requirements  of  this  specification.  The  requirement  on  PIO's  is  to  be  met 
whether  the  oscillations  are  caused  by  short-period  dynamics,  feel-system 
dynamics,  control -system  dynamics,  friction,  free  play,  hysteresis,  bobweights, 
aeroelastic  coupling,  or  any  other  characteristics  or  combinations  of  these 
factors  for  the  complete  vehicle. 

It  is  hoped  that  eventually  quantitative  requirements  can  be  established 
to  eliminate  PIO's,  but  the  problem  is  not  well  enough  understood  at  the  pre¬ 
sent  time.  Reference  8  discusses  in  some  detail  the  possible  sources  of  PIO's 
in  airplanes.  The  discussion  is  equally  applicable  to  lifting  re-entry  vehicles 
during  terminal  flight  at  low  supersonic,  transonic,  and  subsonic  speeds. 

Some  PlO-related  factors  discussed,  such  as  bobweights,  are  not  likely  to  be 
factors  of  importance  to  lifting  re-entry  vehicles.  The  discussion  in  Refer¬ 
ence  8  should  be  referred  to  in  order  to  obtain  some  insight  into  factors  that 
should  be  considered  if  PIO  tende- cies  are  to  be  avoided  in  lifting  re-entry 
vehicles . 
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Suggestions  have  been  made  for  quantifying  control  system  requirements 
to  avoid  or  limit  PiO  tendencies.  An  analytic  treatment  of  PIO  tendencies  is 
contained  in  Reference  44.  A  class  of  PIO's  that  can  be  related  directly  to 
control  system  phase  lags  has  been  investigated  in  flight  and  the  results  are 
presented  in  Reference  3.  Some  PIO  tendencies  that  can  be  related  to  high 
short-period  frequencies  and  low  short-period  damping  were  inves.igated  experi¬ 
mentally  in  Reference  44,  The  effects  of  control  system  nonlinearities  and 
pitch  and  normal  acceleration  bobweights  are  presented  in  Reference  5.  Refer¬ 
ence  4,  a  very  recent  in-flight  research  program,  investigated  some  additional 
aspects  of  control  system  dynamics  and  contains  information  on  their  possible 
relationship  to  PIO's. 


Based  on  the  results  of  References  3,  5,  and  44,  it  has  been  suggested 
that  it  should  be  possible  to  subdivide  the  combined  dynamic  effects  of  the 
control  system  and  airframe  into  an  "effective  control  system"  and  an  "effective 
airframe".  The  "effective"  control  system  phase  lag  can  then  be  computed  at 
the  "effective"  short-period  Irequency.  An  "effective"  PIO  parameter  that 
relates  PIO  tendencies  can  then  be  computed  as  follows: 


The  two-parameter  effective  control  system  phase  lag  and  can  be  used  to 

correlate  the  data  of  References  3,  S,  and  44  to  establish  limits  on  control 
system  and  short-period  dynamics  to  limit  PIO  tendencies  for  various  handling 
qualities  Levels.  Although  some  reasonable  correlation  of  the  data  is  possible 
based  on  these  parameters,  the  same  correlation  is  not  possible  when  other  data, 
such  as  the  more  recent  data  of  Reference  4  is  used.  It  appears  that  the 
difficulties  are  ass'^ciated  with  the  partitioning  process  into  "effective" 
control  system  and  "effective"  airframe  and  how  this  is  to  be  determined  for 
complex  control  system  transfer  functions  with  poles  and  zeros  in  the  vicinity 
of  the  pole?  and  zeros  of  the  airplane  short  period. 


The  requirement  in  Paragraph  5. 2. 2, 3.1  is  identical  to  the  requirement 
in  Paragraph  3.2. 2. 3.1  of  MIL-F-8785B(ASG) ,  and  is  equally  applicable  to  lifting 
re-entry  vehicles.  The  requirement  will  increase  F'^ln  for  low  values  of 
(stick-free)  and  tend  to  inhibit  PIO  tendencies  associated  with  low  short-period 
damping. 


Requirements 

3.2.3  Longitudinal  control 

3. 2.3.1  Longitudinal  control  in  unaccelerated  flight 

3.2. 3.2  Longitudinal  control  in  maneuvering  flight 
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Discussion 


The  requirements  of  the  subparagraphs  under  3,2.3  insure  that  the 
vehicle  has  adequate  control  effectiveness  and  the  control  forces  required 
to  perform  cert  in  specific  maneuvers  are  within  the  capabilities  of  the  pilot. 
The  control  effectiveness  must  be  sufficient  to  attain  certain  load  factors 
at  any  speed  and  altitude  within  the  permisssible  envelope, and  the  effectiveness 
must  be  adequate  for  takeoffs,  landings,  dives,  and  sideslips.  With  some 
slight  modifications,  the  requirements  for  airplanes  which  appear  in  MIL-F- 
8785B(ASG)  are  applicable  to  lifting  re-entry  vehicles. 

Paragraph  3. 2. 3. 3.1  is  an  addition  to  this  lifting  re-entry  specifi¬ 
cation  and  covers  longitudinal  control  requirements  for  air  launched  lifting 
re-entry  vehicles.  The  X-15,  M2-F2,  HL-10,  and  X-24A  are  examples  of  experi¬ 
mental  lifting  re-entry  vehicles  which  have  been  air  launched.  Paragraph 
3.2. 3.4.2  is  an  additional  paragraph  and  covers  special  requirements  associated 
with  the  landing  of  unpowered  lifting  re-entry  vehicles,  especially  vehicles 
with  a  low  (L/D)n,g^j(.  Included  are  special  minimum  requirements  on  the  landing 
flare  and  float.  Paragraph  3. 2. 3. 4. 3  covers  the  effects  of  adverse  elevator 
lift  and  longitudinal  flight-path  control  during  landing.  Although  this 
requirement  is  applicable  to  large  conventional  airplanes,  it  is  especially 
applicable  to  the  unpowered  landings  of  lifting  re-entry  vehicles. 

The  requirement  on  longitudinal  control  in  MIL-F-8785B(ASG)  for 
unaccelerated  flight.  Paragraph  3. 2. 3.1,  is  applicable  to  lifting  re-entry 
vehicles  with  some  modification.  The  requirement  is  applied  to  the  Service 
Flight  Envelope  and  it  is  therefore  consistent  with  the  essential  airplane 
requirement.  The  minimum  speed  is  therefore  limited  to  the  minimum  service 
speed  and  not  the  stall  speed  as  specified  in  MIL-F-8785B(ASG) .  This  speed  :s 
undoubtedly  mere  meaningful  and  realistic  for  a  lifting  re-entry  vehicle. 

The  requirement  also  applies  to  unpowered  lifting  re-entry  vehicles  during 
equilibrium  glide  flight. 

The  longitudinal  control  requirements  for  maneuvering  flight  of 
lifting  re-entry  vehicles  are  essentially  the  same  as  those  for  airplanes  as 
they  are  presented  in  MIL-F-8785B(ASG) .  By  applying  the  requirements  to  the 
Operational  Flight  Envelope  of  lifting  re-entry  vehicles  generally,  one 
avoids  the  nvonerical  g  requirements  in  MIL-F-8785B(ASG)  which  are  associated 
with  Level  3  and  may  not  be  very  meaningful  for  lifting  re-entry  vehicles. 

Thus,  for  Level  1,  operational  load  factors  must  be  attainable  within  the 
operational  Flight  Envelope  and  these  can  vary'  with  speed  and  altitude. 

Level  3  load  factor  requirements  will  be  established  by  mutual  agreement 
between  the  contractor  and  the  procuring  activity. 
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Requiiements 


3,2.3. 3  Longitudinal  control  in  takeoff 

3. 2. 3. 3.1  Longitudinal  control  during  air  launch 


3,2. 3. 3.2  Longitudinal  control  force  and  travel  in  takeoff  and 
cTuring  aTr  launch 

3. 2. 3. 4  Longitudinal  control  in  landing 

3. 2. 3. 4.1  Longitudinal  control  forces  in  landing 


Discussion 


The  longitudinal  control  requirements  in  takeoff  are  similar  to  the 
requirements  for  airplanes  that  appear  in  MIL-F-8785B(ASG) .  One  might 
suspect  that  such  takeoff  requirements  are  not  applicable  to  lifting  re-entry 
vehicles  since  most  of  the  design  concepts  for  lifting  re-entry  vehicles  are 
based  either  on  air  launch  of  small  experimental  vehicles  or  the  vertical 
launch  of  multi-staged  and  boosted  lifting  re-entry  vehicles.  The  require¬ 
ments  for  boosted  vertical  takeoff  are  not  considered  in  this  specification, 

A  few  lifting  I'e-entry  vehicle  design  concepts,  such  as  those  discussed  in 
Reference  45,  have  considered  horizontal  takeoff  lifting  re-entry  vehicles. 

It  is  also  expected  that  vertically  launched  lifting  re-entry  vehicles,  such  as 
the  two-stage  Space  Shuttle  Booster  and  Orbiter,  will  be  first  flight  tested  as 
independent  vehicles  with  horizontal  takeoff.  Thus  these  horizontal  takcc*^ 
requirements  are  expected  to  apply  to  such  vehicles. 

The  longitudinal  control  requirements  for  tail-wheel  vehicles  and 
operation  from  unprepared  fields,  which  appear  in  MIL-F-8785B(ASG) ,  were 
not  adopted  since  these  requirements  are  not  considered  to  be  applicable  to 
lifting  re-entry  vehicles. 

Paragraph  3. 2. 3. 3.1  is  titled  "Longitudinal  control  in  catapult  takeoff" 
in  MIL-F-8785B(ASG)  and  such  requirements  are  not  considered  applicable  to 
lifting  re-entry  vehicles.  Air  launched  lifting  re-entry  vehicles,  such  as 
experimental  vehicles  like  the  X-15,  M2-F2,  HL-10,  and  X-24A,  do  have 
longitudinal  control  requirements  during  air  launch  and  this  paragraph  is  now 
concerned  with  these  requirements. 

Longitudinal  and  lateral-directional  control  requirements  during  air 
launch  can  be  of  considerable  concern  when  the  launched  re-entry  vehicle  is 
required  to  traverse  a  changing  air  flow  field  as  influenced  by  the  launch 
vehicle.  Proper  trim  at  launch,  adequate  separation,  and  control  requirements 
are  often  established  through  wind-tunnel  testing. 

Attempts  were  made  in  a  previous  version  of  a  lifting  le-sntry  vehicle 
handling  qualities  specification  (Reference  9)  to  quantify  some  of  the  launch 
requirements.  After  a  discussion  with  personnel  at  Edwards  Air  Force  Base, 
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it  was  decided  that,  based  on  launch  experience  and  the  data  available,  it  is 
not  possible  to  establish  quantitative  launch  requirements  at  this  time. 

Launch  requirements  such  as  elevator  effectiveness,  dynamic  ti*ansient  motions, 
separation,  and  required  normal  accelerations  have  therefore  been  qualitatively 
specified. 

The  longitudinal  control  force  and  tiavel  in  takeoff  for  lifting  re¬ 
entry  vehicles  are  the  same  as  the  requirements  for  airplanes  as  they  are 
presented  in  M1L-F-878SB(ASG) ,  The  requirements  for  Class  IV-L  airplanes  are 
the  same  as  Class  IV  lifting  re-entry  vehicles.  The  same  is  true  of  Class  III 
airplanes  and  Class  III  lifting  re-entry  vehicles. 

These  same  longitudinal  control  force  and  travel  requirements  are 
applied  to  lifting  re-entry  vehicles  during  air  launch  and  takeoff  since  they 
appeared  appropriate  to  both  and  no  better  basis  for  establishing  launch  re¬ 
quirements  is  available  at  present. 

The  longitudinal  control  requirements  in  landing  for  powered  lifting 
re-entry  vehicles  are  considered  to  be  the  same  as  the  requirements  in  MIL- 
F-8785B(ASG)  for  airplanes.  .Nothing  at  the  present  time  indicates  that  these 
requirements  should  be  different. 

For  the  landing  of  unpowered  lifting  re-entry  vehicles,  an  additional 
requirement  has  been  added  that  elevator  control  shall  be  sufficiently  effective 
in  landing,  down  to  touchdown  speed,  such  that  an  incremental  0.5  g’s  or  more 
is  available  to  the  pilot  without  exceeding  stall  or  the  geometric  limited 
touchdown  attitude.  An  examination  of  X-15  landing  data  (Reference  30)  for 
the  first  30  unpowered  flights  of  the  X-IS  indicates  an  average  for  the  peak 
incremental  g*s  (  A  g)  of  0.71  during  the  flare.  The  average  incremental  g*s 
pulled  during  a  flare  are  however  much  lower,  of  the  order  of  0.24.  In  discussion 
with  Edwards  personnel  intimately  concerned  with  flying  lifting  re-entry  vehicles 
such  as  the  X-15,  M2-F2,  HL-iO,  and  X-24A  in  unpowered  landings,  an 
incremental  (A  g)  of  0.5  was  thought  to  be  a  requirement  down  to  minimum 
touchdown  velocity.  Such  an  increment  is  not  inconsistent  with  the  X-15 
landing  experience  and  it  is  therefore  used. 

The  longitudinal  control  forces  in  landing  which  are  appropriate  for 
Class  IV  and  Class  III  airplanes  aiid  appear  in  MIL-F-8785B(ASG)  appear 
equally  appropriate  for  Class  IV  and  Class  III  lifting  re-entry  vehicles,  res¬ 
pectively. 

In  landing  low  (L/TOmax  lifting  re-entry  vehicles  without  power,  it 
has  been  flight  test  experience  to  deploy  the  landing  gear  near  the  end  of  the 
flare  and  even  at  the  beginning  of  the  float  period.  Flaps  when  they  are  avail¬ 
able  are  usually  deflected  during  the  flare  or  float.  It  is  essential  not  to 
increase  drag  and  sink  rate  and  dissipate  excess  kinetic  energy  during  the 
flare.  The  excess  energy  is  required  to  give  sufficient  float  time  fcr  crucial 
flight-path  and  attitude  corrections  prior  to  touchdown.  The  magnitude  of  any 
trim  changes  due  to  the  deployment  of  any  devices  during  the  flare  and  float  must 
be  small  in  recognition  of  the  demanding  piloting  task  during  this  final  critical 


phase  of  flight.  It  appears  that  the  pilot  should  not  be  confronted  with  larger 
trim  changes  than  those  specified  in  3. 2. 3. 4.1  with  the  vehicle  close  to  the 
ground  when  the  pilot  is  busy  making  final  changes  to  the  vehicle  position  and 
attitude  just  before  landing. 

Requirement 

3.2. 3,4.2  Power-off  and  unpowered  longitudinal  control 
requirements  in  landing 

Disctission 

This  is  a  new  requirement  associated  primarily  with  tiie  power-off 
landing  or  the  landing  of  unpowered  vehicl&s  with  low  (L/r))i!,ax'^'  Unpowered 
landing  techniques  upon  which  these  requirements  are  based  were  developed  by 
NASA  Flight  Research  Centex  (FRC)  and  the  Air  Force  Flight  Test  Center  (AFFTC) 
at  Edwards  Air  Force  Base  in  California.  These  techniques  evolved  over  a 
number  of  years  through  the  use  of  experimental  aircraft  and  became  especially 
important  and  crucial  to  the  dead-stick  landing  of  lifting  re-entry  configurations 
such  as  the  M2-F2  with  an  (L/D)niax  of  approximately  3.0.  There  is  increasing 
evidence  that  these  techniques  are  also  applicable  to  unpowered  landings  of  larger 
vehicles  (Reference  46)  and  that  the  techniques  are  applicable  to  unpowered 
landings  of  larger  vehicles  (Reference  46)  and  that  the  techniques 
are  applicable  to  operational  as  well  as  experimental  vehicles. 

Important  aspects  of  the  successful  unpowered  landing  of  lifting 
re-entry  vehicles  are  good  termina’  ..rea  guidance,  navigation,  and  energy 
management.  But  these  problems  impinge  on  handling  qualities  only  to  the 
extent  that  the  pilot  must  be  supplied  adequate  information  for  terminal  area 
maneuvering  and  landing.  The  requirements  specified  here  are  only  those 
associated  with  the  terminal  area  preflare  equilibrium  glide,  and  flare,  and 
the  float  to  touchdown  when  the  pilot  is  actively  controlling  the  vehicle  in  a 
closed-loop  sense  to  touchdown.  Since  the  requirements  presented  are  new, 
they  are  developed  and  discussed  in  some  detail. 

Unpowered  landings  of  experimental  vehicles  have  been  made  by 
NASA-FRC  and  AFFTC  pilots  at  Edwards  for  over  20  years.  Some  of  the 
first  vehicles  to  land  routinely  without  power  were  the  X-1  and  D-558-II, 

The  subsonic  (L/D)^j^jj’s  of  the  X-1  and  D-558-II  are  approximately  5.5  and 
6.0  respectively.  As  the  (L/D)jj^j^j^  decreased  below  5.0,  unpowered  landings 
became  a  more  critical  piloting  task.  The  X-15  has  an  (L/b)max 
approximately  4.2  clean  and  3.4  with  landing  gear  and  flaps  down.  As  stated 
jn  Reference  29: 

"The  terminal  approach  and  landing  techniques  used  for  the  X-15 
have  been  highly  successful.  Although  the  landings  are  relatively 
routine,  they  do  require  exacting  pilot  performance  and  a  high 
degree  of  proficiency.  —  The  cockpit  window  configuration 
and  general  external  visibility  are  considered  quite  important 
in  the  performance  of  low  L/D  landings.  The  visibility  from 
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the  X-15  cockpit  is  considered  excellent.  The  handling  qualities 
of  the  X-i5  in  this  speed  and  angle-of-attack  range  are  also 
considered  excellent.  The  all-movable  horizontal  tail  for 
both  pitch  and  roll  control  produces  high  airplane  response 
with  very  little  cross-coupling.  All  stability  derivatives  are 
stable  and  of  fairly  high  magnitude  in  this  flight  regime.  --- 
An  effective  method  of  spoec  control  is  necessary  to  perform 
accurate  landings.  The  X-i5*s  speed  brakes  have  proven  to  be 
quite  valuable  during  the  approach  and  landing  phase." 

The  of  the  HL-10  in  its  landing  configuration  with  the 

original  tip  fins  is  approximately  3.4.  With  the  modified  tip  fins,  this  in¬ 
creases  to  approximately  4.0.  The  (L/D)n,ax  s  of  the  M2-F2  and  X-24A  are 
respectively  3.2  and  4.0  for  the  subsonic  flight  configurations  flown  at 
Edwards.  None  of  these  configurations  have  wings  or  landing  flaps  as  such. 

The  (L/D)niax  these  vehicles  is  even  lower.  The  gear 

is  usually  extended  after  flare  completion  during  the  float.  In  Reference  31, 
Gentry  has  made  the  following  comment  on  M2-F2  landings: 

"Another  limitation  of  the  M-2  was  the  steep  flight  path 
angle  required  on  the  approach  to  accomplish  an  unpowered 

flare  and  landing  -  Even  under  ideal  flight  conditions,  I 

cannot  imagine  astronauts  willing  or  proficient  enough,  after 
a  space  flight  of  any  duration,  to  maneuver  into  a  position  to 
then  dive  at  the  ground  with  a  vertical  velocity  of  15-18,000 
feet  per  minute  until  they  are  only  1,000  feet  above  ground 
level.  At  that  time  they  would  initiate  approximately  a  2  "g" 
flare  and  have  roughly  25  seconds  to  extend  the  landing  gear 
and  get  the  vehicle  on  the  ground.  There  would  be  no  go-around 
capability.  I  do  consider  this  a  resonable  task  for  our  research 
program  as  we  have  had  considerable  F-104  and  simulator 
practice.  In  addition,  all  our  flights  have  been  accomplished 
under  controlled  conditions  in  a  familiar  area  and  only  on 
relatively  calm  VFR  days." 

Some  modified  F-104  landing  studies  are  presented  in  Reference  47.  Values  of 
(L/D)n,ax  2.2  to  2,5  were  simulated.  As  quoted  from  the 

conclusions  of  Reference  48: 

"The  pilots  believed  that  the  tolerable  limit  was  reached  with 
this  airplane  in  the  present  configuration  and  that  additional 
aids  would  be  required  to  determine  the  flare-initiation  point  if, 
because  of  a  further  reduction  in  lift-drag  ratio,  more  severe 
approaches  than  those  experienced  in  this  program  were 
attempted." 

High  energy  unpowered  landing  techniques  that  have  been  developed 
(Figure  17)  attempt  to  keep  the  (L/D)n,jjx  as  high  as  possible  during  the 
flare  and  still  have  sufficient  time  from  flare  completion  to  touchdown.  The 
prcflare  approach  is  not  made  at  a  speed  for  i.e.,  a  speed  for 
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minimum  flight  path  angle,  nor  is  it  made  at  a  speed  for  minimum  sink  rate,  which 
is  a  speed  lower  than  the  speed  for  The  preflare  equilibrium 

approach  speed  is  a  speed  higher  than  the  speed  for  (L/D)n,ax  (Figure  18) ,  so 
the  approach  is  performed  on  the  front  side  of  the  L/D  curve.  The  flare  is 
initiated  by  pulling  normal  g's  and  the  flare  is  completed  very  close  to  the 
Cl  for  The  pilot  stops  pulling  g's  and  the  lift  coefficient 

decreases  and  the  vehicle  flies  on  the  front  side  again  while  floating 
parallel  to  the  ground.  Tlie  gear  is  lowered  and  if  the  vehicle  has  flaps  they 
are  also  lov;ered  and  the  vehicle  continued  to  float  on  the  front  side  of  the 
L/D  curve  with  gear  and  flaps  down.  The  speed  decreases  and  the  lift  coefficient 
increases  until  touchdown  occurs  at  the  speed  for  (L/D)^^j(  with  gear  and  flaps 
down. 


It  becomes  readily  apparent  that  for  any  given  vehicle  with  a  given 
(L/D)niax>  there  are  many  kinds  of  different  flares  and  floats  that  can  be 
performed  even  though  it  is  specified  that  the  flare  is  to  be  completed  at 
(L/^)max  ®ud  the  touchdown  is  to  be  completed  at  (L/D)njax.  variables 

in  the  problem  are  approach  speed,  flare  initiation  altitude,  load  factor 
during  the  flare,  float  time  or  runway  distance,  wing  loading,  etc. 

The  simplest  way  to  treat  the  problem  analytically  is  to  work  back¬ 
wards  from  the  touchdown  conditions.  The  touchdown  velocity  is  determined 
by  Cl  for  (L/D) max  ^t  touchdown  and  the  vehicle  wing  loading.  Integrating 
backwards,  the  float  distance,  float  time,  and  float  initiation  velocity  can  be 
determined.  These  are  a  function  of  how  far  on  the  front  side  of  the  L/D 
curve  the  float  was  initiated,  i.e,,  the  value  of  CL/CL(L/D)max 
flaps  and  gear  down,  and  when  the  flaps  and/or  the  landing  gear  were  lowered. 

This  value  of  Cl/Cl (L/D)inax  ’"ust  also  be  compatible  with  the  Cl  for  (L/D)j„av 
while  the  vehicle  is  pulling  g's  at  the  end  of  the  flare  with  the  flaps  and/ 
or  the  gear  up.  If  the  normal  g's  are  specified  during  the  flare,  either 
constant  g's  or  a  time  history'  of  g's,  then  it  is  possible  to  integrate  the 
flare  back  to  preflare  equilibrium  glide  conditions  and  obtain  the  flare 
initiation  altitude  and  velocity.  This  analysis  can  be  repeated  for  the  same 
vehicle  making  different  assumptions  along  the  way  and  a  new  flare  and  float 
trajectory  can  be  determined  with  different  initial  conditions  at  flare  initiation 
in  terras  of  altitude,  velocity,  and  flight-path  angle.  If  one  accepts  "backside" 
operation  during  the  flare  and  float,  then  the  possible  variables  in  the  prob¬ 
lem  are  increased  further.  Unpowered  landings  of  vehicles  with  various 
(L/D)'s,  wing  loadings,  and  a  variety  of  other  assumptions  have  been 
documented  and  analyzed,  such  as  in  References  48,  49,  and  33. 

If  (L/D)j^^jj  of  a  given  vehicle  is  the  only  factor  of  importance  in 
determining  whether  the  vehicle  is  satisfactorily  flared  and  landed,  then  all 
the  flares  and  landings  that  can  be  computed  analytically  within  the  limitations 
of  the  vehicle  must  be  thought  of  as  satisfactory  flares  when  performed  by  the 
pilot.  But  this  hardly  seems  a  reasonable  conclusion.  What  is  probably 
closer  to  the  truth  is  that  for  a  vehicle  with  a  given  (L/D)j^ax  wing  loading, 
such  as  those  of  the  X-15,  there  is  a  family  of  flares  and  landings  that  the 
vehicle  can  perforin  that  are  considered  reasonably  satisfactory  by  the  pilot. 
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Figure  17  UNPOWERED  FLARE  AND  LANDING  PROFILE  (REFERENCE  34) 


Figure  18  UNPOWERED  LANDINGS  AND  (L/D)  RELATIONSHIPS  (REFERENCE  29) 


133 


Outside  this  family,  the  flares  of  this  vehicle  will  be  unsatisfactory  to  a  more 
or  less  degree  and  for  various  reasons.  As  the  (L/D)j,jax  vehicle  in¬ 
creases,  this  family  increases.  As  the  (L/D)niax  vehicle  decreases, 

this  family  decreases  in  size  until  for  a  sufficiently  low  (L/D)jjjg^,  let  us  say 
an  (L/D)n,ax  «  2.5,  none  of  the  flares  that  can  be  performed  analytically  are 
acceptable  when  performed  by  a  pilot  in  a  closed-loop  landing  situation  in 
the  presence  of  the  real  physical  environment. 

To  explore  these  factors  further  it  may  be  revealing  to  examine  the 
published  data  of  X-15  landings  during  the  first  30  flights  (Reference  30). 

Plots  of  these  data  are  shown  as  Figures  19  and  20.  Figure  19a  indicates  that 
the  landings  as  flown  by  the  X-15  pilots  demonstrate  an  increase  in  time  to 
touchdown  from  flare  initiation  altitude  as  the  flare  initiation  altitude  in¬ 
creases,  but  a  reasonable  amount  of  scatter  exists  in  the  '’ata  to  indicate 
that  the  functional  relationship  is  certainly  not  well  stablished.  Figure  19b 
is  a  plot  of  flare  initiation  velocity  versus  flare  initiation  altitude.  Again 
there  appears  to  be  a  trend  of  decreasing  velocity  with  decreasing  altitude 
but  the  scatter  in  the  data  is  quite  significant.  Figure  19c  is  a  plot  of  average 
acceleration  normal  to  the  flight  path  during  the  flare.  The  average  normal 
accelerations  are  not  contained  in  the  data  of  Reference  30,  but  they  were 
computed  from  the  average  velocity  and  flight  path  angle  change  during  the 
flare.  In  spite  of  the  scatter,  a  trend  does  exist  that  the  higher  the  flare 
initiation  altitude  the  lower  the  average  normal  acceleration  in  the  flare. 

Figure  20a  shows  a  definite  trend  of  lower  sink  rate  with  lower  flare  initiation 
altitute  and  Figure  20b  shows  a  trend  of  lower  flight-path  angle  with  lower 
flare  initiation  altitude. 

What  the  data  of  Reference  30  indicate  is  that  30  successful  unpowered 
landings  of  the  X-15  were  made  by  7  pixots  with  flare  initiation  altitudes  of 
1850  feet  down  to  250  feet.  The  trends  of  the  data  indicate  that  as  the  flare 
initiation  altitude  decreases,  the  time  to  touchdown  decreases,  the  flare 
initiation  velocity  decreases,  the  average  normal  acceleration  during  th' 
flare  increases,  the  sink  rate  at  flare  initiation  decreases,  and  the  flight- 
path  angle  decreases.  It  is  also  true  that  a  significant  amount  of  scatter 
exists  about  the  trend  lines  faired  through  the  data. 

Unfortunately,  no  pilot  rating  or  comment  data  exist  for  those  30 
X-15  landings  to  indicate  how  the  pilots  liked  each  of  the  flares  and  floats 
to  touchdown.  The  flares  in  the  area  near  the  trend  lines,  that  do  not  include 
the  extremes  of  flare  altitude,  are  probably  considered  satisfactory  by  the 
pilots.  As  the  flares  deviate  from  this  area,  one  would  expect  the  flares  to  be 
at  least  less  satisfactory  to  the  pilot  from  the  standpoint  of  workload,  flare 
precision,  etc.  It  is  also  probably  true  that  some  of  the  flares  which  are  not 
in  the  satisfactory  region  are  unsatisfactory  because  of  the  float  to  touchdown 
after  the  flare.  It  must  be  emphasized  that  these  are  conjectures  that,  although 
reasonable,  are  not  supported  by  factual  comment  or  rating  data.  It  seems 
reasonable  to  conclude  that  a  large  variety  or  family  of  X-15  flares  and  landings 
are  probably  equally  acceptable  to  the  pilots,  and  a  pilot  with  experience  is 
likely  to  choose  any  of  this  family  depending  on  the  particular  conditions  of  the 
landing. 
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b)  i^LARE  ALTITUDE  AND  FLARE  VELOCITY 


e)  FLARE  ALTITUDE  AND  NORMAL  ACCELERATION 


FIjMre  19  LANDING  DATA  ON  FIRST  30  FLIGHTS  OF  X-15  (REFERENCE  30) 
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b)  FLARE  ALTITUDE  AND  FLIGHT  PATH  ANGLE 

Fiaure  20  LANDING  FLIGHT  PATH  DATA  ON  FIRST  30  FLIGHTS 
OF  X-15  (REFERENCE  30r 


Wlien  one  considers  all  the  factors  that  can  contribute  to  the  unpow¬ 
ered  flare  and  float  trajectory,  and  the  variety  of  trajectories  possible  for 
a  given  lifting  re-entry  vehicle,  one  is  at  a  loss  to  know  how  these  param¬ 
eters  relate  to  one  another  to  establish  those  particular  flare  and  float  tra¬ 
jectories  that  a  pilot  can  and  will  fly  and  that  will  be  considered  acceptable 
to  varying  degrees  in  terms  of  Levels  of  handling  qualities.  A  simple 
analytical  examination  of  the  flare  and  float  phases,  treated  separately,  will 
shed  some  light  on  this  problem.  The  simplified  analytical  approach  pre¬ 
sented  is  a  modification  of  that  which  appears  in  Reference  49. 


Tlie  point-mass  longitudinal  trajectory  equations  of  motion  for  an 
unpowered  lifting  re-entry  vehicle  can  be  written  as  follows: 


^  V  =  -D-Ws!r}  7f 
-~yr=  L-Wcos  Tf 

The  rate  of  sink  or  altitude  change  with  time  and 
placement  of  the  vehicle  become 

y  sio 
V  C05  2f 


dh  _ 

dt  ~ 


(9) 


the  rate  of  horizontal  dis- 


(10) 


A  differential  element  of  time  (dt)  can  be  expressed  as 


&  V 


(11) 


Analysis  of  the  Flare 

Based  on  the  above  equations,  it  is  possible  to  establish  the  following 
differential  equations  during  the  flare  for  t,  h,  and  x.  in  terms  of  flight-path 
angle  and  velocity 


7 


dh  =  iy  i,n  7)  dt 

dur  -{ycos2r)dt  = 

7 


1  7  A 


(12) 


The  acceleration  normal  to  the  flight  path  in  g's  (  ti„  )  becomes 
from  the  second  of  Equations  (9)  ^ 


V7 

__  « 

9  ^ 


L 

W 


-  cos 


(13) 


Substituting  Equation  (13)  into  Equations  (12)  results  in  the  following: 


dt 


9”? 


dlf  z= 


dh 


^  V^in  r  _  V^(9ifj7)d2f 


TlT 

ilv'“ 


cc^<^  1 

V 


(14) 
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If  it  is  assumed  for  the  purposes  of  this  analysis  that  the  normal 
acceleration  is  held  reasonably  constant  during  the  flare,  then 


%  - - ecs  7^  -  constant 

^  W 

It  will  be  further  assumed  that  the  velocity  change  during  the  flare  is  not  too 
large,  and  Equations  (14)  can  be  integrated  assuming  V  and  are  constants 
and  equal  to  their  average  values  during  the  flare,  i.e.,  the  average  of  the 
values  at  the  beginning  and  the  end  of  the  flare,  so  that: 


where 


z  {\  constant 


(15) 


=  average  velocity  during  the  flare 
=  average  velocity  squared  during  the  flar' 
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=  velocity  at  flare  initiation 

Vf  =  velocity  at  flare  completion 
2  2 

Substituting  and  for  V  and  V  in  Equations  (14)  and  periorming 

the  integrations,  we  have: 


where 

tf  =  flare  time 

hf  =  altitude  change  during  flare 


-  flare  horizontal  distance 

-  average  flare  velocity 

7f.  =  initial  flare  flight  path  angle  or  equilibrium 

*■  glide  angle  at  flare  initiation 


flight  path  angle  at  completion  of  flare 


It  is  now  possible  to  ratio  the  three  flire  parameters 
)  as  follows: 


eo9  tr  -  OOS 

_ _ c 


hr  C>OS  -  COS  ITr; 

sin  ~  sin  Vfi 


>  h  > 


(17) 
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It  is  interesting  to  note  that  the  first  ratio  of  parameters  is  equivalent  to  an 
average  rate  of  sink,  the  second  is  equivalent  to  an  average  flight  path  angle, 
and  the  third  is  equivalent  to  an  average  horizontal  velocity  during  the  flare. 
It  will  be  further  assumed  that  the  flight-path  angles  are  sufficiently  small  so 
that  the  following  approximations  are  valid: 

aos  4  -  I- ~ 


^in  Tj  ~ 
"'L 


sin  -  Tfi 


By  substituting,  Equations  (17)  now  become 


JK 

1 


-  »  —  ^  \) 


(18) 


With  the  further  assumption  that  is  close  to  zero  so  that  j« 

Equation  10  becomes  ^  c  «./ 


“  y  (H  ^5 


(19) 


V  f 


~L  7 

1  ^ 


±  -  V, 


AV 
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where 


^  ^  -  f>ight.  path  angle  during  equilibrium  glide 

just  prior  to  flare  initiation 

\11  tlie  important  flare  parameters  appear  to  be  primarily  a  function 
of  two  parameters,  the  average  flare  velocity,  aitd  the  equilibrium 

glide  ang3e  when  the  flare  is  initiated. 

It  is  interesting  to  note  that  2^  is  a  function  of  (L/D)^ax 
far  on  the  "frontside"  of  tl\e  (L/D)jnax  ^he  flare  is  initiated  (see  Figure  18). 

Tlie  value  of  is  a  function  of  for  (L/D)niax  and  how  much  this  Cl 

must  be  decreased  for  adequate  "frontside"  operation,  and  it  is  also  a  function 
of  vehicle  wing  loading.  Adequate  "frontside"  operation  is  determined  by  the 
requirements  for  flight  patli  stability  of  Paragraph  3. 2. 1.3  and  the  requirement 
for  adequate  excess  kinetic  energy  so  that  sufficient  float  time  is  available 
before  touchdown. 

The  parameters  of  Equations  (19)  are  interrelated,  an  increase  in 
flight-path  angle  will  result  in  an  increase  in  h^/tf  and  hf .  An  in¬ 
crease  in  results  in  an  increase  in  and  hf  ! ,  The  param¬ 

eter  %f  /t(  is  probably  of  least  concern  to  the  pilot  in  unpowered  landings 
of  low  (L/D)jj,^j^  vehicles.  The  parameter  hf  /t^  is  probably  of  greatest 
concern  and  creates  the  greatest  demands  on  the  pilot  in  terms  of  timing 
and  precision  of  control  of  the  flare  maneuver.  The  X-15  data  previously 
presented  (Figures  19b  and  20b)  tend  to  confirm  the  fact  that  as  the  flare  altitude 
is  reduced,  the  pilot  prefers  lower  values  of  hf  / if  ,  the  average  sink  rate 
during  flare. 


Analysis  of  the  Float 


After  completion  of  the  flare  some  50  feet  above  the  runway  surface, 
the  float  phase  of  the  unpowered  landing  to  touchdown  begins.  The  float 
phase  is  conducted  in  nearly  horizontal  fligVjt  at  a  very  low  sink  rats  until 
the  velocity  at  touchdown  is  approximately  the  velocity  for  (b/D),n9x  '^^th 
flap  and  gear  down  (see  Figure  18).  Since  the  change  in  velocity  is  the  im¬ 
portant  variable  during  the  float,  an  analogous  form  of  Equations  (12)  can 
be  derived  using  Equations  (10)  and  (11): 


dh  -  sin 


» 

V 


dV 


(20) 


/  .  ycofty  , , 

dx  =  {Vcoi  7)dt  -  - dV 

V 
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The  decelexation  during  the  float  can  be  determined  by  the  first  of  Equations 
(9). 


•n  =  [- 


-  sm  7 , 


'A 

9^  W  / 


where 


=  longitudinal  deceleration  in  g's 
By  substituting  Equations  (21)  into  Equations  (20)  we  now  have 


dV  Z)  dV 


(Vs  in  r)dv  (\j a)/)  7r)dV 


dm  = 


(Voo9  3^)dV  (Vcos  y )  dV 


If  it  is  assumed  that  during  the  float  the  deceleration  is  reasonably 
constant  and  it  can  adequately  be  represented  by  an  average  deceleration,  then 


9  [Wjfi 


~  si/7  If  -  constant 
A'/ 


During  the  float  the  following  approximations  are  also  valid: 


5/^  ^  '^f,V,Fc 


COS  T  es-  cos  7'.  ”  / 


By  substituting  Equations  (23)  and  (24)  into  Equations  (22)  we  have 


Assuming  average  values  of  the  other  parameters  and  integrating  Equations 
(25)  only  with  respect  to  velocity  we  have 
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where 


=  float  time 

f  M 

=  float  altitude  to  touchdown 


=  horizontal  distance  traveled  during  float 
^rp  =  touchdown  velocity 

Vf^  =  flare  completion  velocity  which  is  equal 
to  float  initial  velocity 

~  average  (L/D)  during  the  float 

d'.ui.-i  -  average  flight  path  angle  during  float 

It  is  possible  to  relate  the  average  flight  path  angle  during  the  float 
to  the  average  sink  rate  during  the  float  using  the  first  two  equa¬ 
tions  of  Equations  (26)  '* 


se 


AV,f4 


'AV.Ft. 


2  ^5^4v, 


(27) 


The  float  time  ( )  is  directly  proportional  to  the  excess  velocity, 
i.e,,  the  difference  between  the  velocity  at  flare  completion  (  )  and 

the  touchdown  velocity  (  ^TJ>  ) .  The  touchdown  velocity  is  determined  by  Che 
Cg  for  (L/D)jjax  during  the  float  and  the  vehicle  wing  loading.  The  requirement 
for  flight  path  stability  during  the  float  of  Paragraph  3. 2. 1.3  limits  the  minimum 
touchdown  speed.  When  the  flight-path  angle  is  negligibly  small,  as  it  usually 
is  during  the  float,  the  float  time  is  also  proportional  to  av, 

(L/D)/kV^  p/,  is  a  function  of  (L/D)jjjax  during  float  and  how  far  on  the 

"frontside"  of  the  L/D  curve  the  float  is  initiated  (Figure  18).  Thus  the  role 
of  (L/D)^3x  and  excess  velocity  in  determining  float  time  is  reasonably  clear. 

The  float  distance  (oip-^  )  is  indicative  c-f  the  runway  length  required 
for  the  float.  Float  distance  is  proportional  to  the  difference  in  the  squares 
of  the  velocities  at  flare  completion  and  touchdown.  Float  distance  is  also 
directly  proportional  to  (L/D)  .  Thus  large  float  times  may  be 

undesirable  in  themselves  but  they  may  also  be  undesirable  because  of  the 
proportionately  larger  increase  in  float  distance. 
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Analysis  of  Data 


Based  on  the  analysis  of  flare  parameters  (Equations  (18)  or  (19)) 
and  the  preliminary  examination  of  X-15  data  (Figure  19a),  it  appears  that  a 
proper  relationship  between  flare  altitude  and  flare  time  is  the  primary 
factor  of  importance  to  the  pilot  in  the  flare.  Although  Figure  19a  includes 
total  time  to  touchdown  and  not  just  flare  time,  the  figure  does  suggest  that 
the  relationship  between  flare  altitude  and  time  is  not  linear,  i.e.,  the  ratio 
of  hf/tf  must  be  reduced  as  the  flare  altitude  is  reduced,  and  that  a  relation¬ 
ship  between  hf  I tf  exists  as  a  function  of  flare  altitude  that  will  make  the 
flare  characteristics  acceptable  or  unacceptable  in  varying  degrees,  provided 
the  flight-path  stability  requirements  of  Paragraph  3,2. 1.3  are  met.  An 
examination  of  the  published  information  and  discussions  with  Edwards  personnel 
suggest  that  float  time  as  such  is  important  to  the  pilot  as  determined  by  the 
first  of  Equations  (26).  The  float  time  must  be  long  enough  for  the  pilot  to 
make  final  adjustments  before  touchdown,  yet  not  so  long  that  excessive  runway 
is  consumed  in  the  float.  Again,  the  unpowered  float  must  be  performed  on  the 
frontside  to  meet  the  requirements  of  Paragraph  3. 2. 1.3.  The  available  data 
will  be  examined  in  the  light  of  these  flare  and  float  parameters. 

The  data  of  Reference  30  on  the  first  30  flights  of  the  X-15  were  first 
examined  in  some  detail  to  obtain  flare  and  float  characteristics  during 
landing.  In  examining  the  X-IS  data,  it  is  assumed  that  the  flare  was  com¬ 
pleted  at  an  elevation  50  feet  above  the  ground.  Such  an  assumption  seems 
reasonable  and  was  necessary  since  the  flare  completion  point  was  not 
specified  in  the  data.  In  fact,  to  separate  the  flare  from  the  float,  it  was 
necessary  to  plot  the  data  presented  in  Reference  30  for  each  X-15  landing. 

A  time  history  of  a  typical  X-15  landing  in  terms  of  altitude  and  velocity 
variation  with  time  is  shown  as  Figure  21.  This  time  history  was  constructed 
from  the  following  information  available  in  Reference  30. 

a.  Flare  initiation  altitude,  velocity,  and  sink  rate 

b.  Velocity  and  altitude  at  which  flaps  were  extended 

c.  Velocity  and  altitude  at  which  the  gear  was  extended 

d.  Flight  velocity  and  vertical  velocity  at  touchdown. 

Figure  22a  is  a  plot  of  flare  time  and  flare  altitude  for  the  first 
30  flights.  The  spread  in  the  data  points  plotted  in  Figure  22a  indicates  the 
differences  in  flares,  all  successful,  that  can  be  perfoimed  by  the  same 
pilot  or  different  pilots  in  unpowered  landings  of  the  same  vehicle.  There 
were  7  different  pilots  who  participated  in  the  first  30  flights  of  the  X-15. 

Some  of  the  differences  are  attributable  to  when  the  flaps  and  the  gea"  were 
extended  and  how  the  speed  brakes  were  used  on  each  flight. 

The  data  points  on  Figure  22a,  22b  and  22c  are  the  same.  Shown  on 
Figure  22b  are  lines  of  effective  (L/D)*s  for  the  X-15  flares  based  on  the 
average  velocity  during  the  flare  for  all  30  flights,  (V^v)^  “  275  knots. 

The  flare  altitude  and  flare  time  can  be  related  to  (L/D)  by  the  following 

formula; 
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The  (I,/D)g^£  represents  the  l,/D  that  would  be  required  by  the  X-15  to 
obtain  a.  sink  rate  (.  hf  f  ),  represented  by  the  dotted  lines,  when  in  aii 
equilibrium  glide  at  2/5  knots.  Even  though  the  (L/D)^ax 
approximately  4.2  clean,  the  (L/D)gff  during  the  flare  was  considerably 
higher  and  varied  between  6  and  14  for  the  first  30  landings.  One  would 
suspect,  that  all  other  things  being  equal,  such  as  adequate  float  time,  the 
pilots  would  prefer  those  flares  with  higher  (L/D)g££*s,  The  high  energy 
unpowered  approach  is  performed  on  the  "frontside"®o§  the  (L/D)n,ax  curve 
for  improving  flight  path  stability  and  to  buy  time  during  the  critical  float 
period  as  the  excess  kinetic  energy  is  consumed.  Front-side  operation  reduces 
the  L/D  to  some  value  below  (L/D)jug^j^.  By  performing  the  unpowered  flare 
the  way  he  does,  the  pilot  increases  the  "effective”  L/D  of  the  vehicle. 

Figure  22c  is  a  similar  plot  of  the  X-15  flare  data  except  that 
lines  of  average  flare  flight-path  angle,  >  are  shown  instead  of 

The  average  flare  flight-path  is  related  to  / ir  by  the 
following  formula: 

v)^  (29) 
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b)  COMPARISON  OF  X-15  FLARES  TO  iUO)^ 
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c)  COMPARISON  OF  X-15  FLARES  TO  { 


Figure  22  COMPARISON  OF  FLARE  TIME  AND  FLARE  ALTITUDE  OF  FIRST 
30  FLIGHTS  OF  X-U  (REFERENCE  30) 
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Even  though  the  average  glide  slope  at  the  initiation  of  flare  for  all  30  X-15 
landings  was  approximately  -13.’''°,  the  average  glide  slope  during  the  flare 
varied  between  approximately  -9  and  -4  degrees.  It  is  interesting  to  note 
that  the  first  of  Equations  (19)  suggests  that  the  average  flare  glide  slope 
angle  is  approximately  one-half  the  equilibrium  glide  angle  at  flare  initiation. 
This  would  suggest  that  the  average  glide  slope  for  all  30  X-lo  flares  should 
be  approximately  -13.9/2  or  approximately  -7.0  degrees.  The  average  of 
-9  degrees  and  -4  is  -6.5  degrees,  which  is  close  to  -7.0  degrees.  The 
lower  average  glide  slope  during  the  flare  and  tl»e  higher  effective  L/D  during 
the  flare  are  really  two  different  ways  of  looking  at  the  same  thing. 

Figure  23  is  a  plot  of  X-15  float  time  {  i  pc  )  or  the  time  from 
flare  completion  to  touchdown.  Again  the  flare  of  the  X-15  is  assumed  to  be  com¬ 
pleted  at  50  feet  above  ground  level.  Figure  23  indicates,  that  in  general, 
float  time  increases  as  the  flare  initiation  velocity  is  increased.  This  is  not 
an  unexpected  result  since  it  is  excess  kinetic  energy  which  makes  it 
possible  to  increase  float  time.  Some  of  the  scatter  in  the  data  of  Figure  23 
can  be  attributed  to  the  difficulty  of  determining  flare  completion  time  or 
float  initiation  time  accurately  from  faired  curves  such  as  Figure  21.  A 
good  deal  of  the  scatter  can  also  be  attributed  to  variations  in  pilot  handling 
techniques,  such  as  how  the  drag  brakes  were  modulated  and  when  the  landing 
gear  was  extended.  Considerable  scatter  can  also  be  attributed  to  variations 
in  touchdown  velocity  from  153  knots  to  209  knots  for  the  30  landings. 


Figure  23  VARIAT50N  OF  FLOAT  TIME  ON  FIRST  30  FLIGHTS  OF 
X-1B  (REFERENCE  30} 
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Reference  50  includes  information  on  predicted  flares  of  the  M2-F2 
vehicle  as  programmed  on  a  six-degree-of-freedom  fixed-base  simulator.  The 
altitude  lost  in  the  flare  as  a  function  of  flare  time  is  plotted  as  Figure 
24.  The  flares  were  predicted  using  9  different  speeds  for  flare  initiation 
and  an  incremental  normal  acceleration  of  1.0  g's  at  flare  initiation.  The 
angle  of  attack  at  flare  initiation  was  then  held  constant  until  the  flare  was 
completed  at  zero  sink  rate.  Figure  24  also  contains  data  runs  "flown"  or.  the 
same  six-degree-of-freedom  simulator.  These  data  are  published  in 
Reference  34  and  agree  substajitially  with  the  predictions.  The  flares 
were  initiated  from  stabilized  flight-path  angles  and  the  flare  initiation 
velocity  varied  from  240  to  320  knots  at  three  different  upper  flap  settings. 
All  the  flares  were  performed  with  an  initial  incremental  of  i.C  g's  which 
decreased  to  0.5  g's  by  the  end  or  each  flare. 

The  flight  data  on  the  landing  flares  on  the  fifteenth  and  sixteenth 
flights,  performed  by  the  fourth  and  second  pilots  respectively,  were  obtained 
from  Reference  51.  The  sixteenth  flight  was  the  last  flight  since  an  accident 
occurred  and  the  vehicle  was  extensively  damaged  upon  ground  contact.  The 
data  for  the  flight  flares  are  shown  on  Figure  24. 

The  comparison  of  flight  and  simulator  data  on  M2-F2  flares  is  rea¬ 
sonably  good.  The  handling  characteristics  of  the  M2-F2  during  the  landing 
flares  are  far  from  ideal.  The  magnitude  of  the  deficiencies  in  landing  the 
M2-F2  is  evident  from  the  following  quotation  taken  directly  from  Reference  51. 

"However,  the  landing  task  was  demanding,  requiring  unique 
flight  preparation  and  practice  procedures  with  little  margj.n 
for  error  or  unusually  increased  pilot  workload.  Judgement 
of  flares  and  landings  required  complete  concentration." 

As  further  evidence  of  the  demanding  nature  of  landing  the  lifting  body  vehi¬ 
cle  such  as  the  M2-F2,  the  first  recommendation  of  the  board  convened  to 
investigate  the  accident  which  occurred  on  the  sixteenth  flight  included  the 
following  statement: 

"Consideration  should  be  given  to  increasing  the  time  allotted 
to  the  pilot  for  the  landing  phase  - ." 

Also  included  in  Figure  24  are  flare  data  from  a  time  history  of  the 
HL-10  vehicle,  fhe  data  are  not  from  any  particular  flight,  but  presumably 
are  a  composite  of  the  flare  profile  flown  on  a  typical  HL-10  approach  and 
landing.  From  the  approximate  information  available  in  Reference  52,  the 
flare  altitude  and  flare  time  were  determined. 

Reference  50  is  a  comprehensive  landing  flare  study  of  the  X-24A 
using  a  six-degree-of-freedom  hybrid  simulation.  Separate  data  were  generated 
for  an  upoer  flap  control  law  and  a  lower  flap  control  law.  The  data  arc 
plotted  as  Fiy  re  25.  No  flight  data  were  available  for  the  X-24A. 
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Figure  24  FLARES  OF  THE  M2.F2  AND  HL-10  VEHICLES 
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Figure  25  FLARES  OF  THE  X-24A 
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Figure  26  LOW  L/D  FLARES  OF  F-HIA  AND  NB-52A 
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Reference  46  contains  limited  information  on  the  flare  and  float  of  the 
F-illA  and  NB-52B  aircraft  performing  low  L/D  approaches.  These  data  are 
plotted  in  Figure  26.  All  the  data  are  for  predicted  flares  with  the  exception 
of  three  F-lllA  flares  performed  near  the  ground. 

Additional  information  on  low  L/D  approaches  was  obtained  from 
References  53  and  47,  These  data  are  from  two  distinctly  different  aircraft, 
one  a  delta-wing  interceptor  and  the  other  a  straight-wing  fighter.  These 
data  are  plotted  as  Figure  27a  and  27b  respectively.  An  important  assump¬ 
tion  was  made  in  obtaining  tlie  flare  time  from  these  data  since  only  the  com¬ 
bined  flare  and  float  time  was  given.  Based  on  the  few  time  histories  in  the 
reports,  the  average  float  was  determined  to  bj  approximately  seven  seconds, 
based  on  a  flare  completion  altitude  of  SO  feet  above  ground  level. 

Float  time  as  a  function  of  flare  initiation  velocity,  which  was  ob¬ 
tained  from  many  of  these  same  references,  is  shown  on  Figure  28.  The  six- 
degree-of- freedom  simulator  study  of  the  M2-F2  (Reference  34)  defines  float 
time  as  the  time  from  the  end  of  flare  (  ^  =0'')  to  an  airspeed  of  ISO  knots. 
Flight  data  on  M2-F2  float  time  (Reference  51)  are  also  shown.  The  float 
time  for  a  typical  HL-10  flight  (Reference  52)  is  13  seconds.  Th^-  float  time 
from  the  landing  flare  studies  of  the  X-24A  (Reference  50)  are  shown.  The 
touchdown  airspeed  was  assumed  to  be  160  knots.  Flight  information  on  F-lllA 
flares  is  shown  and  was  obtained  from  Referenc"'  46. 

It  is  difficult  to  compare  all  of  these  data  on  float  time  since  float 
time  is  a  strong  function  of  velocity  at  the  end  of  flare  and  touchdown  velocity 
as  well  as  the  vehicle  average  (L/D)  during  the  float  (Equations  (26)).  The 
data  do  indicate  that,  for  any  given  vehicle,  the  float  time  increases  as  the 
flare  initiation  velocity  is  increased  and  more  kinetic  energy  is  available  and 
is  consumed  during  the  float. 

Figure  29  is  a  composite  of  the  flare  data  presented  in  terms  of 
flare  time  and  flare  altitude.  Data  points  are  not  shown.  The  limits  of  the 
X-15  data  presented  on  Figure  22a  are  shown.  The  faired  curve  through  the 
M2-F2  data  of  Figure  24  and  the  faired  curve  through  the  X-24A  data  of  Figure 
25  are  also  presented.  The  faired  curve  through  F-lllA  and  the  NB-S2A 
data  was  obtained  from  Figure  26.  Because  of  the  gross  assumption  made  in 
obtaining  the  flare  tin«s  of  Figure  27a  and  27b,  the  boundaries  from  these  data 
are  not  plotted  on  Figure  29. 

Outside  of  some  generalized  comments  on  the  flares  and  floats  during 
unpowered  landings,  such  as  the  comments  previously  quoted  for  specific  vehicles, 
no  pilot  rating  data  and  comment  data  exist  in  the  references  for  specific 
flares  and  floats  performed  with  these  vehicles.  It  is  therefore  difficult 
to  establish  boundaries  for  handling  qualities  Levels  based  on  the  data 
presented.  Reference  54  is  a  ground-based  horizontal  landing  simulation 
study  for  low  L/D  glide  vehicles  that  does  contain  pilot  rating  data  and 
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Figure  29  is  a  composite  of  the  flare  data  presented  in  terms  of 
flare  time  and  flare  altitude.  Data  points  are  not  shown.  The  limits  of  the 
X-15  data  presented  on  Figure  22a  are  shown.  The  faired  curve  through  the 
M2-F2  data  of  Figure  24  and  the  faired  curve  through  the  X-24A  data  of  Figure 
25  are  also  presented.  The  faired  curve  through  F-lllA  and  the  NB-52A 
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unpowered  landings,  such  as  the  comments  previously  quoted  for  specific  vehicles, 
no  pilot  rating  data  and  comment  data  exist  in  the  references  for  specific 
flares  and  floats  performed  with  these  vehicles.  It  is  therefore  difficult 
to  establish  boundaries  for  handling  qualities  Levels  based  on  the  data 
presented.  Reference  54  is  a  ground-based  horizontal  landing  simulation 
study  for  low  L/D  glide  vehicles  that  does  contain  pilot  rating  data  and 
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Reference  46  contains  limited  information  on  the  flare  and  float  of  the 
F-lllA  and  NB-52B  aircraft  performing  low  L/D  approaches.  These  data  are 
plotted  in  Figure  26.  All  the  data  are  for  predicted  flares  with  the  exception 
of  three  F-lllA  flares  performed  near  the  ground. 

Additional  information  on  low  L/n  approaches  was  obtained  from 
References  53  and  47.  Tliese  data  are  from  two  distinctly  different  aircraft, 
one  a  delta-wing  interceptor  and  the  other  a  straight-wing  fighter.  These 
data  are  plotted  as  Figure  27a  and  27b  respectively.  An  important  assump¬ 
tion  was  made  in  obtaining  the  flare  time  from  these  data  since  only  the  com¬ 
bined  flare  and  float  time  was  given.  Based  on  the  few  time  histories  in  the 
reports,  the  average  float  was  determined  to  be  approximately  seven  seconds, 
based  on  a  flare  completion  altitude  of  50  feet  above  ground  level. 

Float  time  as  a  function  of  flare  initiation  velocity^  which  was  ob¬ 
tained  from  many  of  these  same  references,  is  shown  on  Figure  28,  The  six- 
degree-of- freedom  simulator  study  of  the  M2-F2  (Reference  34)  defines  float 
time  as  the  time  from  the  end  of  flare  (if  =  0°)  to  an  airspeed  of  150  knots. 
Flight  data  on  M2-F2  float  time  (Reference  51)  are  also  shown.  The  float 
time  for  {.  ty^jical  HL-10  flight  (Reference  52)  is  13  seconds.  The  float  time 
from  the  landing  flare  studies  of  the  X-24A  (Reference  SO)  are  shown.  The 
touchdown  airspeed  was  assumed  to  be  160  knots.  Flight  information  on  F-lllA 
flares  is  shown  and  was  obtained  from  Reference  46. 

It  is  difficult  to  compare  all  of  these  data  on  float  time  since  float 
time  is  a  strong  function  of  velocity  at  the  end  of  flare  and  touchdown  velocity 
as  well  as  the  vehicle  average  (L/D)  during  the  float  (Equations  (26)).  The 
data  do  indicate  that,  for  any  given  vehicle,  the  float  time  increases  as  the 
flare  initiation  velocity  is  increased  and  more  kinetic  energy  is  available  and 
is  consumed  during  the  float. 

Figure  29  is  a  composite  of  the  flare  data  presented  in  terms  of 
flare  time  and  flare  altitude.  Data  points  are  not  shown.  The  limits  of  the 
X-15  data  presented  on  Figure  22a  are  shown.  The  faired  curve  through  the 
M2-F2  data  of  Figure  24  and  the  faired  curve  through  the  X-24A  data  of  Figure 
25  are  also  presented.  The  faired  curve  through  F-llIA  and  the  NB-52A 
data  was  obtained  from  Figure  26.  Because  of  the  gross  assumption  made  in 
obtaining  the  flare  times  of  Figure  27a  and  27b,  the  boundaries  from  these  data 
are  not  plotted  on  Figure  29. 

Outside  of  some  generalized  comments  on  the  flares  and  floats  during 
unpowered  landings,  such  as  the  comments  previously  quoted  for  specific  vehicles, 
no  pilot  rating  data  and  comment  data  exist  in  the  references  for  specific 
flares  and  floats  performed  with  these  vehicles.  It  is  therefore  difficult 
to  establish  boundaries  for  handling  qualities  Levels  based  on  the  data 
presented.  Reference  54  is  a  ground-based  horizontal  landing  simulation 
study  for  low  L/D  glide  vehicles  that  does  contain  pilot  rating  data  and 
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vehicles  are  those  indicated  by  Figure  30.  Although  the  data  from  which 
Figure  30  was  prepared  suggests  a  lower  limit  on  flare  time  of  approximately 
4  seconds,  no  actual  data  extend  below  a  flare  time  of  6  seconds,  in  fact, 
M2-F2  data  does  not  extend  below  8  seconds  of  flare  time.  A  minimum  flare 
time  of  6  seconds  appears  reasonable  based  on  available  data  for  both  Level  1 
and  Level  2. 

While  comment  data  upon  which  flare  boundaries  have  been  established 
for  experimental  vehicles  were  meager,  no  data  are  available  for  establishing 
similar  boundaries  for  operational  lifting  re-entiy  vehicles. 

The  minimum  float  times  contained  in  Table  V!  of  the  requirements 
(Paragraph  3. 2. 3.4. 2)  are  based  on  the  recommendations  contained  in  Refer¬ 
ence  49.  There  is  evidence  from  other  sources  that  indicate  that  these 
requirements  are  reasonable.  Based  on  analysis  and  an  examination  of  X-15 
data.  Reference  48  suggests  "that  a  15  -  second  margin  from  flare  completion 
to  touchdown  is  adequate".  Time  from  flare  initiation  to  touchdown  from  18 
to  23  seconds  was  considered  ample  by  the  lifting  body  pilots  as  reported  in 
Reference  55.  Recent  conversations  with  lifting  body  pilots  at  Edwards  Air 
Fc...,e  Base  have  suggested  that  a  total  time  from  flare  initiation  to  touchdown 
of  20  seconds  is  adequate.  Using  the  minimum  float  time  of  6  seconds  shown 
on  Figure  30,  these  figures  suggest  float  times  of  12  to  18  seconds  and  14 
seconds,  respectively.  All  of  these  figures  are  in  reasonable  agreement  with 
the  minimum  float  requirements  in  Table  VI, 

The  upper  limit  on  loat  time  is  based  on  some  of  the  considerations 
contained  in  a  number  of  references.  References  35  and  49  for  example,  in 
the  unpowered  approach  and  landing  studies  of  Reference  35  with  the  CV-990, 
float  times  of  23  seconds  were  considered  exce-.ive.  Yet,  an  upper  limit  of 
30  seconds  for  float  time  in  Reference  49  is  said  to  be  based  on  pilot 
opinion.  Although  somewhat  arbitrary,  30  seconds  was  selected  as  the  upper 
limit  on  float  time.  Excessive  float  time  requires  long  runways,  contributes 
to  touchdown  dispersion,  and  is  probably  dangerous. 

Requirement  • 

3. 2. 3.4. 3  Elevator  lift  and  longitudinal  control  in  landing 
Discussion 


This  is  a  new  requirement  on  the  effects  of  adverse  elevator  lift  on 
altitude  and  flight-path  control  during  the  landing  approach.  Adverse  elevator 
lift  will  occur  with  an  elevator  control  aft  of  the  c.g.  As  the  elevator  is 
deflected  to  change  the  attitude  and  lift  of  the  vehicle,  the  initial  effect 
of  elevator  lift  is  adverse  and  the  initial  effects  on  altitude  and  flight-path 
angle  changes  are  also  in  the  opposite  direction  to  that  intended.  These 
effects  are  expected  to  be  largest  and  most  significant  for  Class  III  airplanes 
or  lifting  re-entry  vehicles  with  low  frequencies  and  large  response  times. 

The  data  on  this  subject  that  presently  e.xist  are  insufficient  and  sometimes 
confusing  from  the  handling  qualities  point  of  view.  It  is  not  possible  to 
establish  quantitative  flying  Qualities  requirements  at  this  time. 
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boundaries  based  on  these  data.  Unfortunately  the  boundaries  are  plotted  in 
terms  of  overall  vehicle  parameters  such  as  the  (L/D)niax  excess  preflare 
airspeed.  The  rating  data  are  also  for  the  complete  flare  and  float  to 
landing,  and  from  the  data  presented  it  is  net  possible  to  separate  the  flare 
parameters  from  the  float  parameters. 

Reference  33  contains  a  summary  plot  of  a  number  of  interrelated 
parameters  'hat  affect  the  flare  and  float  of  a  low  L/D  unpowered  glide  vehicl?. 
Various  unpowered  landing  limits  are  presented  based  on  field  length,  (l'/D)inax, 
time  required  for  pullup,  low  and  high  flare  altitude,  etc.,  as  determined 
from  in-flight  data  and  analytical  studies.  These  boundaries  are  based  on 
various  specific  assumptions  discu^'^cd  in  detail  in  Reference  35.  Using  the 
information  presented  on  the  bounc.aries,  it  was  possible  to  extract  flare 
altitude  and  flare  time  and  this  boundary  is  plotted  on  Figure  29.  If  this 
boundary  is  considered  as  the  boundary  between  acceptable  and  unacceptable 
flare  cliaracteristics ,  then  the  boundary  should  correlate  with  the  data  and 
general  comments  of  the  unpowered  landings  of  the  vehicles  shown  on  Figure  29. 

The  comparison  shows  that  all  the  M2-F2  flare  data  are  to  the  left  (unacceptable) 
side  of  the  boundary  line,  and  all  of  the  X-24A,  X-15,  and  F-lllA  and  NB-S2A 
data  are  to  the  right  (acceptable)  side  of  the  boundary.  In  summary,  the 
boundary  appears  to  be  a  reasonable  Level  2  boundary  for  an  unpowered  landing 
of  a  Class  IV,  experimental,  lifting  re-entry  vehicle.  The  generalized 
comments,  especially  those  on  the  M2-F2,  appear  to  support  such  a  Level  2 
boundary. 

It  is  of  interest  to  note  from  Figure  29  that  all  the  lines  intersect 
the  zero  flare  altitude  at  between  3  and  4  seconds.  This  implies  that  there  is 
an  absolute  minimum  flare  time  of  approximately  4  seconds  for  any  vehicle  no 
matter  how  large  the  (L/D)  is.  It  also  indicates  that  as  the  flare  altitude 
is  reduced,  for  any  given  vehicle,  the  pilot  requires  a  lower  average  sink 
rate  during  the  flare  as  defined  by  the  ratio  of  flare  altitude  to  flare  time. 
This  fact  is  not  surprising  and  it  correlates  with  the  X-15  landing  data  on 
the  first  30  flights. 

The  upper  boundary  of  X-IS  landing  flare  limits  on  Figure  29  agrees 
reasonably  well  with  the  recent  limited  F--111A  and  NB-52A  data  of  Reference  46 
on  larger  airplanes.  Reference  46  suggests  that  the  unpowered  landing  of 
larger  airplanes  is  essentially  no  different  than  that  of  smaller  lifting 
re-entry  vehicles,  but  actual  data  on  the  u.npnwered  flares  of  large  airplanes 
is  extremely  limited.  There  is  nothing  in  the  literature  to  suggest  that  flares 
on  all  three  of  these  airplanes  are  particularly  difficult  for  an  experimental 
test  pilot.  Reference  29  states  that  "although  the  landings  (X-15  landings) 
are  relatively  routine,  they  do  require  exacting  pi It  t  performance  and  a  high 
degree  of  proficiency".  It  would  appear  that  the  upper  boundary'  of  the  X-15 
fl^ire  data  is  a  reasonable  Level  1  boundary  at  this  time  for  both  Class  III  and 
Class  IV  experimental  lifting  re-entry  vehicles. 

Based  on  all  these  considerations,  it  would  appear  that  the  best 
estimate  of  Level  1  and  Level  2  boundaries  for  experimental  lifting  re-entry 
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Reference  56  investigated  this  problem  with  the  following  short- 
period  characteristics. 

=  0.928  rad/sec 

=  .707 

0.52  <  <  0.57  1/sec 

OCj 

With  these  short-period  characteristics  it  was  possible  to  establish  a  Level  1 
(Pilot  Rating  <  3.5)  boundary  as  a  function  of  control  sensitivity  and 

lift  d  s  to  control  (L^  ) .  Although  the  dw.ta  were  insufficient  to  describe  the 
Level  1  boundary  adequately,  the  trends  in  the  data  were  evident.  As 
increases  above  a  moderate  level,  increases  in  Mg^  are  required  for  adequate 
handling  qualities.  As  noted  in  the  report,  the  boundary  applies  only  for  the 
basic  airplane  dynamics  presented  and  would  shift  for  ether  basic  stability 
characteristics.  It  seems  self-evident  that  the  parameters 
Lflt  as  well  as  Lg  and  are  impirtant  in  a  closed- loop  situation  when  the 
pilot  is  controlling  altitude  and  flight  path  precisely. 

In  the  33rd  Wright  Brothers  Lecture  (Reference  57),  the  effects  of 
size  in  conventional  aircraft  design  were  discussed  in  some  detail.  It  is 
stated  that  flying  qualities  problems  increase  with  aircraft  size.  From  Refer¬ 
ence  57,  Figure  31  is  presented  and  the  following  direct  quotation  is  made: 

"A  flight  situation  is  postulated  in  which  the  pilot  has  just 
discovered  that  he  is  below  his  chosen  glide  path  during  an 
approach  to  landing.  The  initial  conventional  airplane  response 
to  elevator  deflection  is  opposite  to  that  desired,  because  up 
elevator  to  decrease  sink-rate  first  applies  a  net  downward 
acceleration  until  increasing  angle  of  attack  produces  the  desired 
upward  acceleration.  If  more  than  two  seconds  elapse  between 
first  control  movement  and  recovery  to  original  flight-path 
position,  the  flying  qualities  are  unsatisfactory.  The  ability 
to  meet  this  requirement  is  obviously  influenced  by  many  things, 
such  as  control-surface  rate  of  deflection,  tail  length,  lift- 
curve-slope,  damping  in  pitc*’,  and  pitch  inertia." 

That  a  time  delay  of  two  seconds  in  flight  path  applies  for  all  conditions  of 
short-period  dynamics  seems  highly  unlikely.  IVhat  is  more  likely  to  be  true 
is  that  the  numerical  value  of  the  time  delay  is  a  function  of  the  short-period 
dynamics . 


Reference  58  states  that  "an  important  longitudinal  control  param¬ 
eter  in  the  handling  approach  is  the  maximum  control  power  available  from 
trim  and  the  change  di  wicii  tuxs  ajuCituii.  of  control  power". 

These  same  parameters  have  been  used  in  Reference  55  to  establish  a  boundary 
between  acceptable  and  unacceptable  based  on  total  control  power  (M^  max) 
and  total  loss  in  elevator  lift  in  g's  (  >?«  ).  The  boimdar\'  in  ^ 
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Fiqure  31  TYP!CAL  AIRPLANE  RESPONSE  TO  ABRUPT  El.EVATOR  DEFLECTION 
(REFERENCE  57) 


Figure  3?.  COMPARISON  OF  XB-70  LONGITUDINAL  CONTROL  POWER  WITH  THAT  OF 
SUBSONIC  JET  TRANSPORTS.  LANDING  CONFIGURATION.  (REFERENCE  58) 


Figure  33  EFFECT  OF  LIFT  LOSS  ON  LANDING  CONTROL  (REFERENCE  35) 
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Reference  3S  is  based  on  fixed-base  simulations  of  an  HL-10  Shuttle  during 
landing  r>p}..->ach.  The  ML- IQ  shuttle  is  an  HL-10  lifting  body  scaled  up  to 
the  size  and  v,eight  of  the  Shuttle,  Boimdarie?  from  both  these  references 
are  shown  in  Figures  32  and  33. 

The  727-200  and  720B  data  points  on  Figure  32  are  unpublished  esti¬ 
mates  from  the  Boeing  Company.  The  CV-990  data  were  obtained  from  unpub¬ 
lished  NASA  data.  As  stated  in  both  references,  large  pitch  accelerations 
(%g^'e!na.x)  tend  to  compensate  for  large  losses  in  lift  due  to  the  elevator 
max)  . 

The  fact  that  the  parameters  chosen  consider  only  total  control 
power  jind  total  loss  in  lift  due  to  the  elevator,  and  neglect  short-period 
dynamics,  suggests  that  these  are  really  not  handling  qualities  parameters 
as  such  and  that  they  do  not  adequately  describe  the  closed- loop  handling 
q^rlities  situation  during  the  landing  approach.  It  is  interesting  to  ncte 
that  both  parameters  can  be  changed  by  simply  varying  ^©niax'  Discussions  with 
NASA  Edwards  personnel  confirmed  tliat  the  boundary  of  Figure  33  is  in  fact  a 
total  control  boundary  developed  using  ver  specific  criteria.  In  the  simula¬ 
tion,  the  pilots  were  asked  to  initiate  a  flare  from  an  equilibrium  glide  at 
appro.ximately  4,000  feet  by  applying  full  elevator  control.  If  the  pilots 
could,  in  fate,  complete  the  flare  without  sinking  below  2,500  feet  the  flare 
was  considered  acceptable;  if  they  could  not  complete  the  Hare  by  2,500  feet 
the  vehicle  was  considered  unacceptable.  Thus,  w}.?.t  are  adequate  handling 
qualities  parameters  to  define  the  effects  of  elevator  lift  loss  on  closed- 
loop  control  of  flight  path  remains  unresolved. 

Requirements 

3. 2. 3. 5  Longitudinal  control  forces  in  dives  -  Service  Flight  Envelopes 

3. 2. 3.6  Longitudinal  control  forces  in  dives  -  Permissible  Flight  Envelope 

3. 2.3. 7  Longitudinal  control  in  sideslip 
Discussion 


The  requirements  for  control  forces  in  dives  in  the  Service  and 
Permissible  Flight  Envelopes  for  lifting  re-entry  vehicles  are  essentially 
the  same  as  the  requirements  for  airplanes  as  presented  in  MIL-F-8785B(ASG) . 

The  only  difference  is  that  an  unpowered  vehicle  is  initially  trimmed  for 
steady  glide  flight.  If  in  fact  there  should  be  longitudinal  control  require¬ 
ments  in  dives  for  lifting  re-entry  vehicles,  there  is  no  rational  re a  on 
evident  at  this  time  why  the  requirements  should  ba  different  from  those  of 
conventional  airplanes. 

The  requirements  on  longitudinal  control  in  sideslip  for  lifting 
re-entry  vehicles  are  essentia.Uy  those  for  airplanes  presented  in  MIL-F-B785B 
(ASG).  The  reasons  are  the  same:  small  amounts  of  sideslip  should  not  result 
in  large  or  dangerous  angle-of-attack  changes  nor  should  tlie  corrections 
required  by  the  pilot  be  large  when  he  intentionally  changes  the  sideslip  angle. 
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Lifting  re-entry  vehicle  configurations  have  a  tendency  to  be  sensitive 
to  sideslip  angle  changes  and  the  sideslip  angles  may  be  resti'icted  because  of 
lateral-directional  requirements  specified  elsewhere.  Under  such  conditions, 
the  elevator  control  foices  specified  will  apply  at.  the  maximum  allovable 
sideslip  angle. 


Requirements 

3. 3  Lateral- directional  flying  qualities 

3.3.1  Lateral -directional  mode  characteristics 

3. 3. 1 . 1  Lateral- directional  oscillations  (Dutd\  roll) 

3. 3. 1.1.1  Directional  control  margin 


Discussion 


The  Dutch  roll  frequency  and  damping  requirements  for  lifting  re-entry 
vehicles  for  each  Flight  Phase  and  vehicle  Clas-  are  comparable  to  the 
corresponding  Flight  Phase  and  Class  of  vehicle  in  MIL-F-878SBCASG) ,  Refer¬ 
ence  2.  For  some  of  the  longitudinal  requirements,  for  example,  the  short- 
period  response  in  Flight  Phase  Category  C,  the  specifications  for  re-entry 
vehicles  are  more  stringent  than  for  conventional  aircraft  to  account  for 
the  exacting  task  of  landing  an  laipowered  vehicle.  The  question  naturally 
arises,  why  shouldn't  the  Flight  Pnase  Category  C  requirements  for  the  un¬ 
powered  vehicle  be  more  stringent  for  the  Dutc.i  roll,  one  of  the  primary 
lateral-directional  modes?  The  answer  is  th«t  the  vehicle  is  not  nonrially 
maneuvered  through  the  Dutch  roll  mode.  Therefore,  it  is  not  nect. ’.'iary  to 
make  the  Dutch  roll  frequency  and  damping  requirements  stricter  for  the  un* 
powered  vehicle  in  Flight  Phase  Category  C,  Another  reason  for  not  making 
the  Dutch  roll  reqiurements  mere  st:?ing6nt,  in  particular,  the  frequency 
requirement  for  Class  III  vehicles,  is  the  absence  of  data  at  the  lower  end 
of  the  frequency  spectrum.  The  proposed  designs  for  the  Space  Shuttle  Orbiter 
and  Booster  indicate  that  they  will  be  very  large  and  with  their  correspondingly 
large  ineftias,  the  vehicles  will  have  very  low  Dutch  roll  frequencies.  Since 
the  general  philosophy  in  compiling  a  specification  is  that  requirements 
should  not  be  stipulated  which  might  limit  or  restrict  the  design  when  there 
is  no  rational  basis  or  substantiative  data  to  warrant  a  change,  the  decision 
was  made  to  keep  the  minimum  Dutch  roll  frequency  requizements  as  they  axx  ip 
Reference  2. 

The  major  difference  between  3, 3.1.1  and  the  same  paragraph  in 
Reference  2  is  the  modification  to  the  Flight  Phase  Category  A  requirements. 

This  change  was  made  because  of  the  less  demanding  aspects  of  this  Phase 
as  compared  with  Flight  Phase  Category  A  for  conventional  aircraft.  As 
shown  in  Table  VII,  the  magnitudes  of  the  minimum  frequency,  minimum  damping 
ratio  and  minimum  total  damping  are  the  same  as  the  Flight  Phase  Category  C 
requirement . 
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The  part  of  the  ::6quirement  that  raises  the  level  of  total  damping 
when  the  parameter,  I0f/3\^is  greater  than  20  rad/sec^,  is  expected  to 
apply  mostly  to  Class  IV  vehicles.  The  natural  frequencies  and  roll-to- 
sideslip  ratios  of  these  vehicles  inherently  are  higher  than  for  Class  III 
vehicles.  However,  when  the  larger  vehicles  are  augmented  to  improve  the  bare 
airframe  stability,  the  values  of  may  approach  the  magnitude  that 

requires  greater  total  damping.  In  this  event  the  requirement  on  the  total 
damping  must  be  adjusted  upward  by  the  addend,  ,  in  accordance  with 

the  appropriate  equation  for  each  handling  qualities  Level. 

The  last  sentence  of  the  Dutch  roil  requirement  in  M1L-F-8785B(.4SC) 
dictated  that  oi>„j  shall  always  be  greater  than  zero,  with  the  control  surfaces 
fixed.  Thi.s  statement  prescribed  that  conventional  aircraft  have  a  short-term 
restoring  tendency  in  yaw  for  the  basic  unaugmented  airframe.  In  other  words, 
it  was  necessary  that  aircraft  have  basic  unaugmented  "weathercock"  stability. 
This  requirement  was  included  in  the  July  1970  working  draft  of  the  re-entry 
specificatioij.  Reference  9,  but  was  eliminated  from  the  present  version  so 
as  not  to  discourage  or  restrict  the  design  of  various  kinds  of  vehicles,  in 
particular  the  Space  Shuttle  Orbiter  and  Booster.  Tne  decision  not  to  require 
"bare"  airframe  stability  with  controls  fixed  was  arrived  at  after  meetings 
with  interested  government  agencies  and  contractors  associated  with  the  Space 
Shuttle  program.  It  might  appear,  at  first,  that  the  decision  was  capricious 
and  unjustified.  However,  after  looking  at  Table  VII,  it  is  obvious  that  the 
reqr.iremants  specify  a  positive  stability  margin,  albeit,  artifically  through 
an  augmentation  system.  As  long  as  stability  augmentation  control  systems 
fail  vathin  the  reliability  standards  required  for  each  level  of  flying 
qualities,  it  is  not  necessary  to  require  any  inherent  stability  for  the 
basic  airframe. 

The  subparagraph  3. 3. 1.1.1,  Directional  control  margin,  is  a  new 
section  written  so  that  there  is  some  control  over  the  a:'-)unt  of  directional 
instability  that  is  permitted  in  re-entry  vehicle  design.  When  an  automatic 
device  is  used  to  overcome  an  aperiodic  instability  of  the  basic  vehicle, 
there  exists  a  possibility  of  not  being  able  to  recover  the  vehicle  during 
maneuvering.  The  reason  for  this  anomaly  is  simply  that  the  augmentation 
system  uses  control  power  in  the  recovery  direction  to  stabili.ze  the  vehicle. 

If  a  large  amount  of  instability  is  present,  much  of  the  rudder  control  power 
may  be  needed  for  stabilization  and  trim  and  little  may.  be  available  for 
maneuvering  .and  recovering.  Obviously,  some  amount  of  control  power  should 
be  available  to  counteract  abnormal  'disturbances  or  inadvertent  inputs.  How 
much  of  the  total  control  power  should  be  available  for  contingencies  is  an 
interesting  subject.  It  was  initially  intended  to  include  a  quantitative 
reruiiement  which  specified  that  at  least  25  percent  of  the  total  rudder 
control  power  should  be  available  r.o  the  pilot  in  the  critical  direction. 

This  amount  is  specified  in  Reference  62  in  a  paragraph  called  ".Maneuvering 
control  margin"  which  is  concerned  wit-<  pitch  control  effectiveness  of  V/STOL 
aircraft.  The  s?jne  value  is  also  consistent  with  3. 3. 6. 3. 2,  Positive  effective 
dihedral  limit,  in  which  25  percent  of  roll  control  power  is  required  for  side¬ 
slip  angles  that  might  be  experienced  in  service  deployment.  However,  until 
some  basic  research  to  determine  the  amount  of  ruddei  control  power  that  should 
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be  available  at  all  times  for  maneuvering  and  control  is  performed,  only  a 
qualitative  statement  is  made  in  3.3. 1.1.1. 

Requirement 

3. 3.1.2  Roll  mode 

Discussion 


The  roll  mode  time  constant  requirements  for  Class  IIT  and  Class  IV 
operational  vehicles  are  identical  to  the  requirements  in  Reference  2. 

It  was  anticipated,  at  first,  that,  the  roll  damping  requiremen l;s  would  be 
made  more  stringent  for  the  terminal.  Plight  Phase  because  the  parameter 
is  important  in  lateral  maneuvering  including  tasks  that  required  preciseness 
in  bank  angle  control.  This  idea  was  thought  to  be  correct  particularly  for  a 
re-entiy  vehicle  flying  an  unpowered  appro^.ch  during  which  the  pilot  has  to 
make  very'  precise  control  inputs  and  has  to  compensate  for  turbulence  and 
varying  crosswind  conditions.  However,  an  examination  of  the  specification 
for  conventional  aircraft  showed  the  roll  mode  time  constant  requirements  to 
be  identical  for  Flight  Phase  Categories  A  and  C.  Since  it  is  difficult  to 
believe  that  the  'tfi  requirements  should  be  more  stringent  than  the  values 
specified  for  the  tasks  that  required  precision  tracking  and  precise  flight- 
path  control,  which  Flight  Phase  Category  A  demands  in  MIL-F-8785B(ASG) ,  the 
requirements  for  operational  re-entiy  vehicles  were  kept  the  same  as  for 
c on vent ional  aircraft. 

The  roll  mode  time  canstr4*-t  requirements  for  the  experimental  re¬ 
entry  vehicles  were  relaxed  significantly  for  all  three  Levels  of  flying 
qualities.  fJio  maximums  were  increased  over  those  specified  for  the 

operational  vehicle  because  highly  skilled  test  pilots  will  be  flying  the  ex¬ 
perimental  vehicles  in  idealized  environmental  conditions.  It  is  expected 
that  the  pilots  will  be  flying  the  unpewered  approaches  and  landings  only  in 
small  crosswinds  and  in  a  low  turbulence  level  like  the  present  generation  of 
experimental  lifting  re-entry  vehicles,  the  M2-F3,  HL-10  and  X-24A,  are  flown. 
Under  these  conditions,  the  higher  roll  mode  time  constant  for  each  Level  of 
flying  qualit.?s  seems  reasonable  for  experimental  re-entry  vehicles. 

Requirement 

3 . 3 . 1 . 3  Spiral  stability 
Discussion 

One  major  difference  between  the  re-entry  spiral  stability  require¬ 
ments  and  similar  requirements  in  MIL- F-8785B(ASG) ,  Reference  2,  is  the  Flight 
Phase  Category  A,  Level  1  require^ment  for  Class  IV  vehicles.  This  require¬ 
ment  is  specified  slightly  more  .-tringent  for  re-entiy  vehicles  because  it  is 
assumed  that  *he  pilot  may  not  be  closing  us  tight  a  bank-angle-sttitude-to- 
aileron  loop.  Unlike  re-entry  vehicles.  Category'  A  tasks  for  conventional  air¬ 
craft  demand  rapid  maneuvering,  precision  tracking  or  precise  flight-path  con- 


ti'ol.  Since  the  pilot  flying  re-entry  vehicles  during  Category  A  Flight  Phases 
may  not  be  continuously  controlling  bank  angle  or  may  not  be  controlling  it  pre¬ 
cisely  or  rapidly,  then  less  spiral  instability  should  be  permitted. 

Consideration  was  given  to  relaxing  the  Flight  Phase  Category  C,  Level 
1  requirements  for  both  vehicle  Classes,  because  the  pilot  flying  the  terminal 
phase  of  a  re-entry'  mission  would  be  holding  his  bank  angle  very  precisely. 

With  this  technique,  a  higher  level  of  spiral  instability  could  be  allowed. 
However,  conventional  aircraft  are  usually  controlled  very  tightly  during  the 
landing  approach,  flare  and  touchdown  and  yet  a  Ty  h.  30  seconds  is  specified 
in  Reference  2.  Therefore,  without  further  information  or  new  data,  the 
Flight  Phase  Category  C,  Level  i  requirements  for  re-entry  vehicles  were  left 
the  same  as  for  Class  III  and  Class  IV  conventional  aircraft. 

Additional  requirements  are  included  for  the  experimental  vehicle,*; 
in  recognition  of  the  fact  that  these  vehicles  are  expected  to  be  controlled 
very  positively  at  all  times.  Therefore  the  spiral  stability  requirements 
specified  for  the  experimental  vehicle  are  more  lenient  than  for  the  opera¬ 
tional  vehicle.  The  values  of  the  minimum  time  to  double  amplitude  for  Class 
III-E  and  Class  IV-E  vehicles  listed  in  Table  IX  are  censistent  with  the  mag¬ 
nitudes  specified  in  Reference  9. 

Requirement 

3 . 3 . 1 . 4  Coupled  roll-?piral  oscillation 
Discussion 


The  authors  of  MIL-F-8‘''85B  did  consider  allowing  a  coupled  roll-spiral 
mode  for  Level  3  flying  qualities.  In  fact,  an  early  draft  of  the  specifica¬ 
tion  permitted  this  secondary  lateral -directional  oscillatory  mode  provided 
(  S  )c5  was  greater  than  0.1.  The  final  version  of  the  specification 
for  conventional  aircraft  does  not  permiv  the  coupled  roll-spiral  mode  even 
though  data  are  presented  in  Reference  8  which  indicate  that  some  coupled 
roll-spiral  mode  configurations  received  acceptable  ratings.  Not  enough  in¬ 
formation  was  available  to  justify  permitting  the  mode,  in  particular  when  at 
the  same  time  other  handling  qualities  might  not  be  satisfactory'.  One  other 
pertinent  factor  is  turbulence  and  how  this  phenomenon  can  drastically  affect 
the  pilot  rating  of  a  configuration  with  a  coupled  roll-spiral  mode.  This 
effect  was  documented  in  Reference  60,  an  in-flight  simulation  experiment  per¬ 
formed  for  the  re-entry  mission.  In  this  study  a  difference  of  up  to  4.S  :n 
pilot  ratings  was  given  for  the  same  configuration  when  evaluated  in  turbulence 
.as  compared  to  an  evaluation  in  moofh  air.  One  coupled  roll -spiral  configura¬ 
tion  received  a  pilot  rating  of  5  in  smooth  air  and  9.5  when  flown  in  moderate 
turbulence.  Based  on  the  foregoing,  no  coupled  roll-spiral  mode  will  be  per¬ 
mitted  for  re-entry  vehicles. 
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Requi  rement 


3.3.2  +  eral-directional  dynamic  response  characteristics 

Discussion 


As  it  is  in  the  flying  qualities  specification  for  .:oiiventional  air¬ 
craft,  Reference  2,  the  lateral-directional  dynamic  response  characteristics 
for  re-entry  vehicles  have  been  divided  into  five  main  groupings  as  follows: 

(1)  response  to  atmospheric  disturbances,  2)  roll  rate  and  bank  angle  oscili 
ations,  3)  sideslip  excursions,  4)  control  of  sideslip  in  rolls,  and  5) 
turn  coordination.  The  latter  two  subjects  are  concerned  with  the  maximum 
aileron  and  rudder  cockpit  control  forces  permitted  in  improving  the  rolling 
and  yawing  motions.  The  characteristics  of  the  first  three  subjects  are  re¬ 
lated  to  the  roll-to-sideslip  ratio  of  the  Dutch  roll  mode  (  }  9f//3 j j  )•  For 
example,  when  is  in  the  high  to  very  high  range,  the  response  to  at¬ 

mospheric  disturbances  will  be  the  most  important  consideration.  Correspond¬ 
ingly,  for  low  values  of  l0//^lj  ,  sideslip  excursions  will  be  the  parameter 

of  most  concern.  The  roll  rate  and  bank  angle  oscillations  requirements  will 
be  most  applicable  whenever  |0//5|^  is  in  the  moderate  to  high  range,  the 
response  to  atmospheric  disturbances  will  be  the  most  important  consideration. 
Correspondingly,  for  low  vaUxes  of  ,  sideslip  excursions  will  be  the 

parameter  of  most  concern.  The  roll  rate  and  bank  angle  oscillation  require¬ 
ments  will  be  most  applicable  whenever  is  in  the  moderate  to  high 

range.  Since  most  re-entry  vehicle  designs  presently  conceived  have  moderate 
and  higher  values  of  |  0/^\^  ,  the  important  lateral-directional  dynamic 
response  characteristics  paragraphs  will  be  the  ones  that  specify  response  to 
atmospheric  disturbances  and  the  roll  rate  and  bank  angle  oscillation  require¬ 
ments  . 

Requirement 

3.3.2. 1  Lateral-directional  response  to  atmospheric  disturbances 
Discussion 


The  lateral-directional  response  to  atmospheric  disturbances  could 
be  the  most  critical  aspect  of  an  unpowered  re-entry  configuration,  particularly 
in  the  terminal  Flight  Phases  where  turbulence  and  wind  shear  effects  are  most 
prevalent.  Even  though  many  characteristics  such  as  the  Dutch  roll  natural 
frequency,  the  Dutch  roll  damping  ratio,  the  roll  mode  time  constant,  the  phase 
relationship  between  roll  rate  and  sideslip  angle,  the  roll-to-sideslip  ratio 
of  the  Dutch  roll  mode,  the  flight-control  system  nonlinearities  and  the  com¬ 
bined  effects  and  interactions  between  these  parameters  determine  the  lateral- 
directional  response  to  atmospheric  disturbances,  one  of  these  parameters, 

,  is  likely  to  be  of  primary  importance  when  it  falls  within  the  high 
to  very  high  range.  Most  of  the  Class  IV  and  some  of  the  Class  III  re-entry 
vehicle  configurations  have  which  fall  within  this  range.  Therefore 

a  substantial  number  of  re-entry  vehicles  will  have  a  large  response  to  atmos¬ 
pheric  disturbances  and  the  requirement  of  3. 3. 2.1  may  be  one  of  the  most  im- 
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portant  for  these  vehicles.  It  is  unfortunate  that  only  qualitative  rejjire- 
ments  are  specified  in  Reference  2  and  that  the  re-entry  requirements  are  also 
qualitative.  Until  some  research  Is  accomplished  on  the  lateral-directional 
response  to  atmospheric  disturbances  for  vehicles  with  very  high  l0/(^ld  > 

no  quantitative  requirements  can  be  specified. 

Incidentally,  the  =  -f  l0//^ld)  requirement  of 

3.3. 1.1  can  be  considered  a  crude  requirement  to  improve  the  response  in  tur¬ 
bulence  since  it  requires  an  increase  in  Dutch  roll  damping  as  !0//^ld) 

gets  large.  However,  as  mentioned  in  the  discussion  of  3.3.2. 1  in  Reference 
8,  because  the  controllability  in  turbulence  is  not  a  simple  problem,  a  mere 
increase  in  the  Dutch  roll  damping  may  not  be  a  satisfactory  solution. 

The  last  sentence  of  the  requirement  leaves  the  specification  of  the 
different  types  and  magnitudes  of  atmospheric  disturbances  for  an  operational 
vehicle  and  an  experimental  vehicle  up  to  the  procuring  activity.  If  a  suit¬ 
able  method  for  specifying  the  lateral-directional  response  to  atmospheric 
disturbances  is  developed,  then  quantitative  requirements  on  disturbances  and 
parameters  can  be  specified.  It  should  be  noted  that  the  bounds  on  the  re¬ 
quirements  will  probably  vary  significantly  depending  on  whether  the  mission 
for  the  re-entry  vehicle  is  operational  or  experimental. 

Requirements 

3. 3. 2. 2  Roll  rate  oscillations 

3.3.2. 2.1  Additional  roll  rate  requirements  for  small  inputs 
Discussion 


These  requirements  are  very  similar  to  paragraphs  3. 3. 2. 2  and 
3. 3, 2. 2.1  of  MIL-F-8785B(ASG) ,  Reference  2.  As  stated  in  Reference  8,  limita¬ 
tions  on  the  oscillations  in  roll  rate  are  directed  at  precision  of  control  of 
vehicles  with  moderate- to-high  l0//Sij  response  ratios,  because  the  modal 
characteristics  of  Class  III  vehicles  generally  have  roil-to-sideslip  ratios 
of  the  Dutch  roll  that  are  within  this  range,  these  two  lateral-directional 
requirements  will  be  more  applicable  to  this  Class  of  vehicle  than  to  a  Class 
IV  vehicle. 

As  with  the  roll  mode  time  constant  requirements,  it  was  initially 
intended  to  make  the  requirements  on  roll  rate  oscillations  more  stringent 
for  Flight  Phase  Category  C  than  for  Categories  A  and  B.  This  change  was 
thought  necessary  to  account  for  the  precision  of  control  demanded  of  Flight 
Phase  Category  C  tasks.  In  particular,  landing  an  unpowered  vehicle  on  a 
normal  size  runway  is  one  task  that  requires  precise  control  abc  '  all  axes 
including  the  lateral-directional  axes.  However,  on  examining  ’  ,.-F-S785B(ASG) , 
Reference  2,  it  was  found  that  the  requirements  on  roll  oscillations  are  iden¬ 
tical  for  Flight  Phase  Category  A,  the  most  demanding  Flight  Phase,  and  Flight 
Phase  Category  C,  the  next  roost  demanding  Flight  Phase.  Since  the  definition 
of  Flight  Phase  Category  A  fer  conventional  aircraft  is  similar  to  the  definition 
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of  Flight  Phase  Category  C  for  re-entry  vehicles,  and  the  definition  of 
flight  Phase  Category  C  for  conventional  aircraft  is  quite  similar  to  the 
definition  of  Flight  Phase  Categor>'  A  for  re-entry  vehicles,  then  the  roll 
oscillation  requirements  should  remain  the  same  in  the  re-entry  specification 
for  Flight  Phase  Categories  A  and  C. 

It  is  noteworthy  that  the  data  used  to  substantiate  the  requirements 
for  Flight  Phase  Category  B  in  MIL-F-8785B(ASG)  were  obtained  from  two  in¬ 
flight  research  programs  (References  60  and  61  that  simulated  the  re-entry 
mission.  So  the  Flight  Phase  Category  B  requirements  in  MIL-F-8785B(ASG)  are 
especially  pertinent  and  directly  applicable  to  re-entry  vehicles.  Unfortunate 
ly,  few  data  points  are  located  in  the  vicinity  of  the  Level  2  boundary  for 
the  phase  angles  that  relate  to  the  adverse  yaw  region.  As  a  result,  the 
boundary  of  =1-0  which  prohibits  roll  rate  reversal  may  seem 

arbitrary.  However,  this  requirement  is  consistent  with  the  former  MIL-F-3785 
(ASG)  document  which  prohibited  roll  rate  reversals  during  rudder-free  roils. 
Since  no  additional  information  or  new  data  exists,  the  Flight  Phase  Category 
B  roll  rate  oscillation  restriction  for  re-entry  vehicles  was  kept  the  same 
as  the  requirement  for  conventional  aircraft. 

It  might  be  fitting  to  compile  a  short  summaiy  of  the  rationale  or 
background  information  concerning  paragraphs  3. 3. 2. 2  and  3. 3. 2. 2.1.  Some  of 
the  highlights  are  listed  as  follows: 

a.  Because  Class  III  and  Class  IV  re-entry  vehicles  generally  have 
response  ratios  in  the  moderate-to-high  range,  paragraphs  3. 3, 2. 2 
and  3. 3. 2. 2.1  are  of  primary  concern  and  are  directly  applicable  to 
both  Classes  of  re-entry  vehicles. 

b.  The  re-entry  vehicle  roll  rate  oscillation  requirements  for  Flight 
Phase  Category  A  are  identical  to  those  for  Flight  Phase  Category  C. 
The  requirements  are  also  similar  for  the  comparable  Flight  Phases 
in  MIL-F-878SB(ASG). 

c.  For  Flight  Phase  Category  B,  the  requirements  specified  for  con¬ 
ventional  aircraft  are  directly  applicable  to  re-entry  vehicles 
since  the  data  used  to  establish  the  M1L-F-8785B(ASG)  boundaries 
were  generated  exclusively  from  research  programs  that  simulated 
the  re-entry  mission. 

Requirement 

3 . 3 . 2 . 3  Bank  angle  oscillations 
Discussion 


The  bank  angle  oscillation  requirements  are  the  same  as  in  MIL-F- 
8785B(ASG)  and  are  very  similar  to  the  requirements  of  3. 3. 2. 2.1.  As  stated 
in  Reference  8,  the  bank  angle  time  history  from  a  pulse  is  essentially  the 
same  as  the  roll  rate  time  history  following  a  step  input.  With  this  knowledge. 
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the  authors  of  MIL-F-8785B(ASG)  transformed  the  requirements  of 

Figure  4  into  the  requirements  of  Figure  5.  The  movement  of 

the  boundaries  was  accomplished  simply  by  displacing  the  llf/s  parameter  in 
Figure  4  to  the  left  by  a  value  equivalent  to  the  angle  (90  +  sin'^  ^  )  de¬ 
grees.  The  advantage  of  having  paragraph  3. 3. 2. 3  is  that  large  aileron  con¬ 
trol  command  inputs  can  be  inse“ted  without  the  vehicle  rolling  to  excessive 
bank  angles.  A  secondary  reason  is  that  ^  will  be  easier  to  measure  be¬ 
cause  the  sideslip  trace  will  not  ramp.  Ramping,  the  almost  constant  buildup 
of  the  median  sideslip  angle  with  time,  is  one  of  the  major  difficulties  that 
the  user  must  face  in  assessing  a  vehicle's  roll  rate  oscillatory  character¬ 
istics,  particularly  when  a  vehicle  has  a  noticeaoly  divergent  spiral.  After 
considering  all  the  advantages  that  the  0o5c.  / C^>«v  requirements  have  over 
•/^OSC.  / -pAv  ones,  it  might  seem  that  paragraph  3. 3. 2. 2.1  is  not  necessary. 

This  could  be  true  were  it  not  for  certain  augmentation  systems,  for  example, 
a  stick-position-dependent  roll  damping  augmentation  system.  Such  a  system 
could  be  mechanized  to  provide  roll  damping  around  the  neutral  position  but 
when  the  stick  is  deflected  beyond  the  threshold  region,  roll  damping  is  cut 
out.  When  a  step  aileron  control  command  is  made,  the  ensuing  roll  rate  oscill¬ 
ations  are  independent  of  the  roll  damping  augmentation;  whereas,  for  an 
aileron  control  command  impulse,  the  bank  angle  oscillations  generated  are 
affected  continuously  by  the  roll  damping  augmentation  system  once  the  pulse 
is  removed.  Hence  no  correlation  could  be  expected  from  the  two  tests  for 
roll  oscillatory  characteristics.  In  summary,  even  though  the 
requiiements  for  a  command  impulse  are  essentially  the  same  as  the 
requirements  for  a  step  input,  both  sets  of  requirements  should  be  included 
to  preclude  the  presence  of  a  gap  in  the  specifications  for  some  sophisticated 
control  system  mechanizations. 

Requirements 

3. 3. 2. 4  Sideslip  excursions 

3. 3. 2. 4.1  Additional  sideslip  requirements  for  small  inputs 
Discussion 


As  emphasized  in  the  general  discussion  of  the  lateral-directional 
dynamic  characteristics,  for  vehicles  with  a  low  ratio,  the  side¬ 

slip  response  is  the  predominant  undesired  lateral-directional  motion  that 
results  from  an  aileron  control  input.  Obviously,  paragraphs  3. 3. 2. 4  and 
3. 3. 2. 4.1  that  set  limits  on  the  magnitude  of  sideslip  allowed  are  most  mean¬ 
ingful  to  vehicles  that  exhibit  low  roll-to-sideslip  response  ratios.  Since 
the  majority  of  lifting  re-entry  vehicles  have  high  ratios,  the  side¬ 

slip  requirements  are  not  expected  to  be  critical  requirements  for  these 
vehicles.  It  should  not  be  construed  from  this  statement,  however,  that 
sideslip  is  unimportant  or  its  effect  should  be  downrated.  On  the  contrary, 
the  reaction  to  even  small  sideslips  can  be  very  dramatic,  but  the  primary 
effect  will  show  up  in  the  lateral  axis.  As  a  result,  the  significant  fac¬ 
tors  influencing  the  design  of  the  lateral -directional  properties  of  the 
majority  of  re-entry  vehicles  will  probably  be  the  roll  rate  and  bank  angle 
oscillations  and  not  the  sideslip  excursions. 
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Initially,  a  major  revamping  cf  the  sideslip  excursion  requirements 
in  M1L-1--87{\5B(ASG) ,  Reference  2,  was  considered.  The  proposed  modification 
consisted  of  changing  the  parameter  A/5  to  |A/S/0,  j  x  |  0//6ld  which  is 
used  in  MII.-F-83300,  Reference  62.  This  latter  parameter  is  the  product  of 
the  ratio  of  the  maximum  change  in  sideslip  angle  to  the  initial  peak  in  the 
bank  angle  response  and  the  ratio  of  the  instantaneous  roll-to-sideslip  angle 
envelopes  of  the  Dutch  roll  mode.  The  primary  reasons  for  considering  the  new 
parameter  are  the  pragmatic  difficulties  of  using  the  scaling  parameter  "  )6  " 
and  its  dependence  on  3.3.4,  the  roll  control  effectiveness  requirements.  This 
form  of  the  requirement  recognizes  the  need  for  a  tie  between  sideslip,  the  un¬ 
desired  motion,  and  roll,  the  desired  response,  by  using  0^,  ,  the  initial  peak 
magnitude  in  bank  angle  as  the  measure  of  roll  response  to  the  aileron  input. 

With  this  form  of  ♦‘he  requirement  it  is  no  longer  necessary'  to  calculate 

command  and  requirement  ratio  one  to  the  other.  Incidentally, 
attention  is  directed  to  the  fact  that  is  not  the  bank  angle  change  achieved 
in  one  second  as  defined  in  Reference  2. 

The  reason  X  was  not  employed  instead  of  ^/^max 

is  that  the  requirement  of  3. 3. 3.2  in  Reference  62  was  formulated  only  for 
aileron  control  pulse  inputs,  flie  sideslip  excursions  resulting  from  step 
aileron  control  inputs  may  also  be  important  depending  on  how  the  stability 
augmentation  system  is  mechanized.  Therefore  an  attempt  was  made  to  modify 
the  requirement  so  it  would  be  usable  for  step  aileron  control  commands.  It 
was  hypothesized  that  some  parameter  like  X  10/^1^  where  -pf  is 

the  initial  peak  magnitude  in  roll  rate  response,  might  be  acceptable  in  de¬ 
riving  a  requirement  that  could  be  demonstrated  with  a  step  aileron  control 
command.  However,  in  attempting  to  check  this  concept,  the  magnitude  of  the 
task  soon  became  apparent.  As  a  minimum,  it  would  be  necessary  to  convert  all 
the  extensive  sideslip  excursion  data  used  irs  Re'  renos  2  and  62.  This  con¬ 
version  would  require  extensive  use  of  computer  .a  und  programs  followed  by 
much  additional  effort  in  correlating  the  da'.:a  wiui  the  proposed  boundaries 
for  different  Flight  Phase  Categories  and  Levels  of  flying  qualities.  The  de¬ 
cision  was  made  not  to  perform  this  work  but  rather  to  concentrate  on  other 
more  important  paragraphs  in  the  specification,  e.g.,  the  critical  flare  and 
float  requiremen'-s  for  unpowered  vehicles.  Therefore  the  validity  of  the  para¬ 
meter  is  still  unknown  since  it  has  not  been  tested. 

The  sideslip  requirements  utilizing  the  parameter  njax 
from  the  comparable  requirements  in  MIL-F-878SB(ASG) ,  Reference  2,  in  that  the 
magnitude  of  the  requirement  for  re-entry  vehicles  in  Flight  Phase  Category  C 
is  stricter  and  in  Flight  Phase  Category'  A  is  more  lenient  than  for  conventional 
aircraft.  Since  the  definition  of  Flight  Phase  Category  C  for  re-sntry  ve¬ 
hicles  is  closer  to  the  definition  of  Flight  Phase  Category  A  for  conventional 
aircraft,  then  the  limits  on  the  maximum  sideslip  allowed  for  re-entry  vehicles 
in  the  terminal  Flight  Phases  are  the  same  as  the  Category  A  nonterminal  Flight 
Phases  in  Reference  2.  Likewise,  the  V  max  limits  for  re-entry  vehicles  in 
Flight  Phase  Category  A  are  identical  to  Flight  Phase  Category  C  for  conventional 
aircraft  since  the  definitions  of  the  Flight  Phase  categories  are  somewhat 
similar. 
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The  data  used  to  substantiate  the  requirements  for  Flight  Phase 
Category  B  in  MIL-F-8785B(ASG) ,  Reference  2,  were  obtained  exclusively  from 
an  in-flight  research  program  (Reference  61)  that  simulated  the  lateral-direc¬ 
tional  handling  qualities  of  entry  vehicles.  Hence  the  sideslip  excursion 
boundaries  for  Flight  Phase  Category  B  in  the  specification  for  conventional 
aircraft  are  directly  applicable  to  re-entry  vehicles.  The  research  of  Ref¬ 
erence  61  involved  a  wide  variety  of  lateral-directional  characteristics  in¬ 
cluding  Dutch  roll  damping  ratio  from  .1  to  .5  and  Dutch  roll  natural  fre- 
que’'cies  from  1.0  to  about  4  radians  per  second.  No  data  were  used  unless  the 
roll-to-sideslip  ratio  of  the  Dutch  roll  mode  was  less  than  approximately  2.5. 
The  reason  for  excluding  data  with  higher  j  0//^/^  is  because  the  pilot  ratings 
associated  with  these  simulations  would  reflect  problems  in  roll  rate  oscilla¬ 
tions,  bank  angle  oscillations,  or  response  to  turbulence  rather  than  sideslip 
excursion  problems.  In  summary,  until  further  information  becomes  available, 
the  sideslip  excursion  requirements  for  re-entry  vehicles  in  Flight  Phase 
Category  B  remain  the  same  as  specified  for  conventional  aircraft. 

As  is  true  of  the  roll  rate  oscillations  requirement  of  3. 3. 2. 2.1, 
the  sideslip  excursion  requirements  of  3. 3. 2. 4.1  are  applicable  only  to  small 
inputs.  It  is  obviously  important  to  have  requirements  for  both  small  and 
large  control  inputs,  because  a  certain  degree  of  precision  of  control  is 
needed  for  small  as  well  as  large  control  input  maneuvers.  The  requirement 
for  large  inputs  of  3. 3. 2. 4  was  derived  from  3. 3. 2.4.1  and  might  appear  to 
be  redundant  but  paragraph  3. 3. 2. 4  is  obviously  a  necessary  complement  to  that 
part  of  the  specification  directed  a*  the  unwanted  response,  sideslip  excur¬ 
sions  for  both  large  and  small  control  inputs. 

The  primary  purpose  of  the  parameter,  nt  ,  is  to  scale  the  permissible 
sideslip  when  either  the  aileron  contr*o]  input  is  small  or  else  the  applicable 
requirement  in  3.3.4  cannot  be  satisfied.  Thus,  with  the  use  of  'h  ,  the  side¬ 
slip  excursion  requirement  can  still  be  applied  even  though  the  vehicle  cannot 
meet  the  roll  control  effectiveness  requirement.  In  Reference  2,  no  upper 
bound  was  placed  on  the  "it"  parameter.  The  reason  for  this  decision  is  con¬ 
sistent  with  the  argument  that  if  roll  performance  is  in  excess  of  the  appro¬ 
priate  requirement,  then  the  unwanted  sideslip  should  also  be  allowed  to  in¬ 
crease.  However,  with  no  upper  limit  on  ,  the  maximum  allowable  sideslip 
could  reach  inordinately  high  values.  As  an  example,  attention  is  directed 
at  the  roll  control  effectiveness  requirement  for  Class  III-E  vehicles.  Flight 
Phase  Category  A,  Level  2.  From  Table  X,  0*-  =  30°  in  3.1  seconds.  Also 
from  paragraph  3. 3. 2. 4,  the  sideslip  excursion  requirement  is  ^^x  ~ 

degrees.  Now  suppose  the  vehicle  has  very  effective  ailerons  and  it  can  achieve 
a  bank  angle  of  60  degrees  in  3.1  seconds.  Tlie  scaling  parameter  is  then  cal¬ 
culated  as  60/30  or  2.  Knowing  this  value  for  ,  the  maximum  allowable 
sideslip  angle  is  =  15  "A  =  15  x  2  or  30  degrees,  a  rather  large  side¬ 

slip  angle.  In  order  to  limit  the  sideslip  angle  in  these  cases  where  the  roll 
requirements  are  easily  exceeded,  the  latter  part  of  3. 3, 2.4  is  included  as 
an  important  aspect  of  the  sideslip  excursion  requirement.  In  this  sentence, 
regardless  of  how  effective  the  ailerons  are,  the  scaling  parameter  (76  )  is 
restricted  to  values  equal  to  or  less  than  unity.  In  other  words,  when  the 
roll  performance  exceeds  the  requirements  of  3.3.4  the  maximum  amount  of  side¬ 
slip  allowed  shall  be  determined  assuming  -  1.0. 
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3 . 3 . 2 . 5  Control  of  sideslip  in  rolls 
Discussion 


This  paragraph  places  reasonable  limits  on  the  maximum  rudder  pedal 
forces  permitted  to  maintain  zero  sideslip  during  the  rapid  turn  entries  des¬ 
cribed  in  the  roll  control  effectiveness  requirements.  The  strictest  require¬ 
ment  is  specified  for  Flight  Ph.ase  Category  C,  Level  1  because  it  is  important 
that  any  sideslip  generated  ~an  be  compensated  for  with  little  pilot  effort 
during  the  critical  terminal  Flight  Phases. 

Requirement 

3.3, 2.6  Turn  coordination 
Discussion 


The  forces  required  to  accomplish  coordinated  turns  were  specified 
to  ensure  that  only  modest  rudder  and  aileron  forces  are  necessary  when  per¬ 
forming  the  maneuver.  It  is  reasonable  that  the  pilot  ot  a  Class  IV  vehicle 
be  able  to  coordinate  a  turn  using  a  bank  angle  of  up  to  60  degrees  and  the 
pilot  of  a  Class  III  vehicle  be  able  to  coordinate  a  .Vu  degree  banked  turn 
without  exceeding  the  rudder  and  aileron  force  limitations  specified  for 
coordination. 

Requirement 

3.3.3  Pilot-induced  oscillations 


Discussion 

This  paragraph  is  quite  similar  to  3. 2. 2. 3,  the  longitudinal  pilot- 
induced  oscillations  requirement.  As  it  is  true  for  the  longitudinal  case, 
it  is  equally  important  that  zero  or  negative  lateral-directional  closed- loop 
damping  situations  not  be  tolerated  for  any  vehicle  Class,  flight  condition 
or  failure  state.  The  requirement  should  apply  whether  the  oscillations  are 
caused  by  vehicle  dynamics,  control  system  dynamics,  friction,  free  play, 
aeroelastic  coupling,  or  any  combination  of  those  and  other  characteristics 
of  the  complete  vehicle  system. 

Requirement 

3.3.t  Roll  control  effectiveness 


Discussion 


m  Adequate  roll  control  effective!  r.s  is  of  fundamental  importance  to 

§  airplanes  and  lifting  re-entry  vehicles,  iequate  control  power  is  necessary 
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for  general  maneuverability  in  roll,  trimming  the  vehicle  laterally  in  cross- 
winds,  and  correcting  for  lateral  upsets  due  to  atmospheric  disturbances. 

Control  with  atmospheric  disturbances  is  of  special  significance,  because, 
as  brought  out  in  the  discussion  of  the  lateral-directional  dynamic  response 
characteristics  with  a  high  lifting  re-entry  vehicles  tend  to  be  very 

susceptible  to  turbulence.  The  anility  of  the  pilot  to  ccmpensate  for  turbulence 
is  highly  dependent  on  the  dynamics  of  the  vehicle,  the  aug.mentation  system 
installed  and  its  sensitivity  to  turbulence,  and  the  specific  atmospheric 
environment  in  which  the  vehicle  must  fly. 

Roll  control  effectiveness  to  satisfy  general  maneuverability  needs 
during  the  various  Flight  Phases  is  the  primary  requirement  covered  by  this 
paragraph  (3.3.4),  Roll  control  requirements  to  balance  the  vehicle  due  to 
dihedral  effects  are  covered  by  3. 3. 6. 3. 2.  Roll  control  in  cross-winds  during 
final  approach  is  covered  in  3.3.7, 1.  The  roll  control  shall  also  be  sufficient 
to  balance  the  vehicle  in  roll  throughout  the  Service  Flight  Envelope  in  the 
atmospheric  disturbances  of  3.7.3  and  3.7.4  for  the  operational  vehicle.  A 
reduced  atmospheric  disturbance  level  is  allowed  for  the  experimental  vehicle. 

One  or  more  of  these  requirements  will  determine  the  maximum  roll  control 
effectiveness  that  is  needed  by  a  lifting  re-entry  vehicle. 

Roll  control  effectiveness  for  general  vulnerability  is  a  function 
of  vehicle  class,  whether  the  vehicle  is  operational  or  experimental,  the 
Flight  Phase  Category,  and  the  Level  of  flying  qualities.  Because  of  these 
interrelationships,  a  large  number  of  quantitative  requirements  are  specified 
in  Table  X  for  roll  control  effectiveness. 

In  keeping  with  the  approach  used  in  Reference  8  for  airplanes,  the 
roil  control  effectiveness  requirements  have  been  specified  in  terms  of  time  to 
bank  to  a  characteristic  bank  angle  as  a  function  of  vehicle  Class  and  Flight 
Phase  Category.  For  Class  III  re-entry  vehicles,  a  30-uegree  bank  angle  is 
probably  representative  of  bank  angles  used  for  Flight  Phase  Category  A  and 
E  tasks.  For  Class  IV  vehicles  45  degrees  of  bank  is  probably  more  appropriate 
for  these  same  two  Flight  Phases,  Since  re-entry  vehicles,  particularly 
unpowered  vehicles,  will  require  a  reasonable  degree  of  maneuverability  during 
Flight  Phase  C,  a  characteristic  bank  angle  of  45  degrees  is  considered 
appropriate  for  both  Class  III  and  Class  IV  vehicles. 

It  was  necessary  to  devise  a  rational  method  for  determining  roll 
control  effectiveness  requirement.^  for  re-entry  vehicles  using  essentially 
the  requirements  for  airplanes  as  they  appear  in  MIL-F-8785B(ASG) .  The  method 
consists  of  first  converting  the  roil  control  effectiveness  requirements  for 
airplanes  in  Table  IX  of  MIL-F-8785B(ASG) ,  presented  in  terms  of  time  to  attain 
a  characteristic  bank  angle,  to  roll  control  power  requirements.  The  roll 
control  power  requirements  of  airplanes  and  lifting  re-entry  vehicles  were  next 
related  by  establishing  some  rational  method  of  relating  the  Flight  Phases  of 
airplanes  and  lifting  re-entry  vehicles.  Once  this  was  done,  the  roll  control 
p.'jwers  established  for  lifting  re-entry  vehicles  were  converted  to  roll  control 
ef .Cectiveness  requirements,  based  on  time  to  attain  the  characteri-Stic  bank 
angle  estabiisheu  for  re-entry  vehicles. 
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Based  on  a  one-degree-of-tVeedom  roll  analysis,  the  roll  control 
power  is  equal  to  the  initial  roll  accelerat'on  )  for  a  step 

aileron  control  input  i  ) •  The  roll  control  power  or  the  initial  roll 
acceleration  required  to  attain  a  characteristic  roll  angle  ( 0^  )  in  a  given 
time  (t)  is  determined  by  the  following  equation 


=  A  = 


0r 


(30) 


In  practice  It  is  not  possible  for  pilots  to  make  a  perfect  step  aileron  input. 
Ilie  roll  performance  requirements  of  Table  IX  (0^  )  in  MIL»F-8785B(ASG) 
(Reference  2)  are  based  on  ramp  inputs  of  0.6  second  for  Class  III  airplanes 
and  0,2  second  for  Class  IV  airplanes.  The  roll  performance  as  a  function  of 
time  for  a  ramp  input  can  bs  approximated  well  with  a  step  input  if  the  step 
is  initiated  at  one-half  the  ramp  time.  The  delay  time  for  the  equi¬ 

valent  step  is  0.3  and  0.1  seconds  for  Class  III  and  Class  IV  airplanes 
respectively.  It  was  necessary  to  subtract  these  small  increments  of  time  from 
the  times  of  Table  IX  of  Reference  2  to  obtain  the  current  time  (f  )  to  be 
used  in  Equation  30  to  convert  the  roll  requirements  for  airplanes  to  roll 
control  power  or  initial  roll  acceleration.  In  using  Equation  30,  a  repre¬ 
sentative  and  constant  "2^  of  1.0  was  assumed. 


The  roll  control  power  requirements  for  airplanes  and  operational 
lifting  re-entry  vehicles  during  Category  C  Flight  Phases  are  e.\pected  to  be 
similar  because  of  the  similarities  in  the  piloting  tasks,  especially  during 
landing.  This  is  true  for  both  Class  III  and  Class  IV  vehicles.  Category  B 
Flight  Phases  for  airplanes  and  lifting  re-entry  vehicles  are  quite  similar, 
therefore  it  is  reasonable  to  assume  the  same  roll  control  power  requirements 
for  re•^entry  vehicles  and  airplanes. 


Category  A  Flight  Phases  for  airplanes  and  lifting  re-entry  vehicles 
bear  little  resemblance  to  each  other.  It  is  obvious  that  the  roll  control 
power  requirements  for  Class  IV  airplanes  are  significantly  larger  than  those 
for  Class  IV  re-entry  vehicles  because  of  the  differences  in  Category  A  Flight 
Pha.se3  and  their  maneuvering  requirements.  The  same  arguments  apply  to  the 
difference  in  Category  A  Flight  Phases  of  airplanes  and  re-entry  vehicles 
for  Class  III.  Category  B  roll  control  power  requirements  for  airplanes  are 
more  representative  of  Category  A  roll  control  power  requirements  for  re-entry 
vehicles,  The  decision  was  therefore  made  to  make  Category  A  and  8  roll  control 
power  requirements  the  same. 


Once  roll  control  power  requirements  for  lifting  re-entry  vehicles 
were  established  as  a  function  of  vehicle  Class,  Flight  Phase  Category,  and 
Levels,  it  was  necessary  to  convert  these  requirements  into  the  time  required 
to  obtain  the  characteristic  bank  angles  established  for  lifting  re-entry 
vehicles.  Rearranging  Equation  (30),  and  again  assuming  a  representative 
=  1.0,  we  have  ^ 

t  i-  /-  f 

Po  (31) 
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where 


From  a  knowledge  of  the  characteristic  bank  angle  and  the  roll  control  power 
=  Lgg^S^')  it  is  possible  to  determine  the  time  required  to  obtain  the 
characteristic  bank  angle.  These  values  are  shown  in  Table  X  as  a  function  of 
vehicle  Class,  Flight  Phase  Category,  and  Level.  It  is  interesting  to  note  that 
in  Table  X  the  roll  control  effectiveness  requirements  of  experimental  vehicles 
are  the  same  as  those  of  operational  vehicles.  The  rationale  will  be  presented 
later. 


One  of  the  determining  factors  in  establishing  roll  control  effective¬ 
ness  requirements  for  Flight  Phase  Category  C  is  the  capability  of  landing  a 
vehicle  in  a  cross  wind.  Tlie  question  naturally  arises  as  to  whether  the 
roil  control  effectiveness  requirements  of  Table  X  are  sufficient  for  cross- 
wind  landings.  The  results  of  a  landing  approach  study  (Reference  63)  were 
reviewed.  In  that  in-flight  research  program,  marked  increases  were  noted  in 
roll  control  power  requirements  for  configurations  with  highl0/^lj  and  low 
when  the  aircraft  was  flown  in  turbulence  with  a  25  to  30  knot  cross  wind 
component  as  compared  to  a  10  to  15  knot  cross  wind  component,  Since 
paragraph  3,3,7  specified  that  the  operational  vehicles  have  the  capability  of 
being  landed  in  a  30  knot  cross  wind,  the  results  in  Reference  63  are  meaning¬ 
ful  to  re-entry  vehicles  as  well  as  to  airplanes.  An  examination  of  the  data 
indicated  that  the  roll  control  effectiveness  for  Class  IV  vehicles  shown  in 
'lable  X  is  adequate  to  meet  roll  control  power  requirements  for  Level  1  with 
a  25  to  30  knot  cross  wind.  The  roll  control  effectiveness  for  Class  III 
vehicles  appear,  however,  to  be  inadequate. 

Another  int.flight  evaluation  (Reference  64)  was  rec  mtly  published  in 
which  a  four  engine  jet  transport  was  flown  during  the  approach  and  landing 
with  different  amounts  of  lateral  control  powvr  available  to  the  pilot. 
Unfortunately,  the  research  was  performed  in  smooth  air  and  no  approaches  were 
made  in  cross  wind  conditions.  The  general  applicability  of  the  drt.a  to  Clsss  ttj 
operational  vehicles  flying  in  turbulence  and  cross  wind  conditions  is 
questionable. 

The  results  of  Reference  63  appear  to  indicate  that  Flight  Phase 
Category  C  roll  control  effectiveness  requirements  in  Table  X  may  be  inadequate 
in  30  knot  cross  winds  with  turbulence  and  high  lihedral,  especially  for 
Class  III  vehicles.  But  since  the  roll  control  effectiveness  requirements  of 
3,3,4  are  not  primarily  turbulence  and  cross  wind  requirements  it  was  decided 
not  to  increase  the  roll  control  effectiveness  figures  of  Table  X.  High 
dihedral  effects  in  the  landing  approach  are  converted  by  3. 3. 6. 3. 2  and  cross 
wind  requirement.s  are  converted  by  3. 3. 7.1.  Roll  control  must  also  be  adequate 
to  balance  the  vehicle  with  the  turbulence  levels  of  3,7.3  and  3.7.4. 

All  of  these  factors  appear  to  be  reasonable  grounds  for  not  reducing 
the  roll  control  effectiveness  requirements  for  experimental  vehicles  at  this 
time,  ■’’he  roll  control  effectiveness  of  operational  and  experimental  vehicles 
in  Table  X  are  therefore  kept  the  same. 
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Kequi  remeiit 


3 .  3 . 4 . 1  Roll  ro  spoils  o  to  ail  cron  control  forcfc 
Discussion 

The  iiiaxiinum  roll  response  sensitivity  denoted  by  the  bank  angle 
achieved  in  one  second  per  pound  of  aileron  control  command  is  similar  to 
paragraph  3. 3., .1.4  of  Reference  2.  The  purpose  of  such  a  requirement  is 
to  prevent  the  lateral  response  from  being  so  high  that  tl>e  pilot  has  difficulties 
in  precision  of  hank  angle  control.  At  first,  the  requirements  in  this 
paragraph  might  seem  redundant  since  3. 3. 4. 2  specifies  a  minimum  level  of  lateral 
forces.  However,  upon  further  examination,  it  is  obvious  that  requirements  on 
minimum  aileron  control  forces  .ilone  are  not  sufficient  to  prevent  the  pilot 
from  encountering  difficulties  in  attempting  to  control  bank  angle  precisely. 

The  primary  difference  between  the  roll  response  sensitivity  re¬ 
quirements  for  re-entry  vehicles  and  for  conventional  aircraft  is  that  a  re¬ 
quirement  has  been  included  for  Flight  Phase  Category  B,  Level  1.  This 
requirement  is  much  more  lenient  than  for  Flight  Phase  Category  A,  Level  1 
because  the  maneuvers  are  gradual  and  precision  tracking  is  not  required  as 
noted  in  the  definition  of  Flight  Phase  Category  B.  It  is  reasonable  to  specify 
a  less  stringent  requirement  for  Flight  Phase  Category  B  than  for  either  Flight 
Phase  Category  A  or  C. 

Requirement 

3 . 3 . 4 . 2  Aileron  control  forces 
Discussion 


The  maximum  aileron-control  forces  listed  in  Table  XC  include  limits 
for  both  the  operational  and  experimental  vehicles.  The  requirements  for 
operational  vehicles  are  laid  out  in  a  matrix  of  Flight  Phase  Categories  and 
Levels  con.sistent  with  similar  groupings  in  Reference  2.  For  Flight  Phase 
Categories  A  and  B,  Levels  1  and  2  and  all  Flight  Phase  Categories,  level  3, 
the  maximum  allowable  wheel  force  is  twice  the  maximum  stick  force.  For 
Flight  Phase  Category  C,  Levels  1  and  2,  the  limiting  stick  and  wheel  forces 
are  identical  to  permit  one-handed  operation  in  the  landing  approach.  The 
limits  on  the  maximum  lateral  forces  for  the  experimental  vehicle  in  any 
Flight  Phase  or  Level  is  simply  35  pounds  for  a  center-stick-controlled 
vehicle  and  twice  that  value  for  a  wheel  controller.  These  forces  arc  con¬ 
sidered  reasonable  and  consistent  with  what  a  pilot  of  an  experimental  vehi¬ 
cle  is  capable  of  handling. 

The  minimum  lateral  force  for  each  Level  is  the  same  as  the  comparable 
Level  for  conventional  aircraft. 
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Requirement 


3 .  3 . 4 . 3  Linearity  ci-  rol  1  response 
Discussion 


it  is  important  to  handling 
he  maintained.  Lateral 


Although  this  requirement  is  qualitative, 

qualities  when  precision  of  lateral  control  has  to  .  w  . . 

nonlinearities  that  affect  the  roll  resp'.>nse  may  be  due  to  one  or  more  prob¬ 
lems  like  deadzones,  nonlinear  force  gradients detents ,  spoiler  lags,  etc. 

As  an  example,  if  the  nonlinearity  is  caused  by  nonlinear  force  gradients,  the 
problem  would  be  manifested  by  cither  an  increase  or  decrease  in  response 
of  tiie  vehicle  with  a  linear  increase  in  force  application.  For  the  case  vvhere 
the  response  is  increased  significantly  with  a  linear  force  increase,  the  re¬ 
sult  could  be  an  oversensitiveness  to  which  the  pilot  has  to  adjust  by  matching 
t!ie  force  required  with  the  response  desired.  This  operation  can  be  accom¬ 
plished  but  may  be  difficult  because  of  the  increased  workload.  The  result 
may  be  a  degradation  in  mission  accomplishment  depending  on  the  specific 
task  and  other  duties  the  pilot  has  to  perform  simultaneously.  Since  it  is  not 
possible  to  specify  quantitative  requirements,  pilot  evaluations  should  be  made 
for  each  Class  of  vehicle  and  Flight  Phase  Category  as  demonstration  of  the 
acceptability  of  nonlinear  roll  responses. 


Requirement 


3 . 3 . 4 , 4  Wheel  control  throw 
Discus.sion 


This  paragraph  sets  limits  on  the  amount  of  lateral  cockpit  control 
for  vehicles  designed  to  use  a  wheel  controller,  llie  +  60“  limits  which  are 
reasonable  for  one-handed  operation  are  the  same  as  established  in  Reference 
They  were  determined  from  research  performed  in  ground-based  an.j  in-flight 
simulators  and  reported  in  Reference  65.  The  wheel  throw  limits  of  ±  80 
degrees  for  completely  mechanical  systems  were  included  so  as  not  to  severely 
restrict  the  designer  of  vehicles  with  a  simple  lateral  control  system. 

Requirement 


S , 3 , 4 , 5  Rudder-pedal- induced  rolls 
Discussion 


Ir.e  first  part  of  this  paragraph  is  directed  at  re-entry  vehicle.s 
achieving  a  minimum  roll  rate  from  the  use  of  rudder  without  any  aileron 
control  inputs.  The  requirement  is  similar  to  5. 3. 4. 5  of  Reference  2  and  is 
consistent  wi*h  the  tasks  that  pilots  of  re-entry  vehicles  perform  in  the  lower 
atmosphere.  As  when  flying  airfilanes,  pilots  of  re-entry  vehicles  like  to 
have  the  capability  of  raising  a  wing  with  ndder,  in  particular,  when  they 
are  otherwise  preoccupied  with  navigation  functions,  etc.  It  is  interesting 
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that  a  vehicle  which  has  this  cnaract eristic  does  not  necessarily  need  to  have 
a  stable  dihedral.  The  desired  rolling  moment  can  also  be  produced  from  a 
vehicle  that  has  a  significant  rolling  moment  in  the  right  direction  with 
rudder  application  or  artificially  through  a  rudder -aileron  interconnect. 

The  second  half  of  the  requirement  is  new  and  is  concerned  with  the 
problem  of  generating  excessive  roll  rate  from  rudder  pedal  application. 

Since  the  majority  of  re-rntr/  configurations  are  characterized  by  high 
dihedral  effect,  a  limit  is  needed  to  keep  rolling  moments  due  to  rudder  from 
producing  excessively  large  roll  rates.  Another  reason  for  having  an  upper 
bound  on  rudder -pedal -induced  rolls  is  to  preclude  the  situation  in  which  a 
large  percentage  of  the  available  aileron  control  power  is  used  up  in  counter¬ 
ing  rolling  moments.  These  upsetting  moments  could  be  produced  inadver¬ 
tently  from  inputs  to  the  rudder  made  by  the  pilot  or  caused  by  a  malfunction 
of  the  augmentation  system.  Although  no  quantitative  limits  are  specified 
on  the  maximum  allowable  roll  rate  produced  from  rudder  inputs,  this  new 
requirement  should  help  in  minimizing  lateral  control  handling  problems  that 
result  from  intentional  or  inadvertent  rudder  deflections. 

Requirement 

3.3.5  Directional  control  characteristics 
Discussion 


This  requirement  on  directional  stability  and  control  characteristics 
is  a  general  catch-all  requirement  on  balancing  yawing  moments.  As  in 
Reference  2,  a  qualitative  requirement  on  sensitivity  to  rudder  pedal  forces 
has  been  included  because  of  the  absence  of  sufficient  data  that  could  represent 
substantiation  for  a  quantitative  requirement.  However,  this  requirement  has 
implications  on  other  paragraph.^  of  the  specification  that  have  quantitative 
requirements  associated  with  them.  In  particular,  the  latter  part  of 
3. 3. 4,5  is  concerned  with  the  maximum  allowable  roll  rates  produced  by 
rudder  pedal  inputs.  Requirements  on  rudder  pedal  forces  for  specific 
conditions  are  given  in  the  paragraphs  referenced  below: 


3.3.5. 1 

Cspeed  change) 

3.3.5. 1.1 

Casymmetric  loading) 

3. 3. 5. 2 

Cgo-around) 

3.3.6,  3. 3.6.1 

(steady  sideslips) 

3.3.7,  3. 3. 7.1,  3. 3. 7. 2 

(cross winds) 

3.3.8 

(dives) 

3. 3. 9.1,  3. 3.9. 2 

(asymmetric  thrust) 

Requirements 

3 . 3 . 5 . 1  Directional  control  with  speed  change 
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3 . 3 . 5 . 1 . 1  Directional  control  with  asymmetric  loading 
Discussion 


These  paragraphs  arc  quite  simi  La-  to  3.3.S.1  and  3.5.5. !.l  of 
MIL-F-8785B(ASG) ,  Reference  2,  with  the  e>..eption  that  any  reference  to 
propeller-driven  vehicles  is  not  included.  The  directional  control  with  speed 
change  requirement  places  quantitative  limi ts  on  the  rudder  pedal  forces 
associated  with  flight  within  the  .Service  Flight  Bnvelope.  Without  retrimming 
directionally,  only  reasonable  rudder  pedal  forces  are  allowed  when  increa¬ 
sing  or  decreasing  speed  from  a  given  trim  point.  The  second  requirement 
is  directed  at  keeping  control  trim  forces  lov  when  flying  within  the  Opera¬ 
tional  Flight  Envelope  with  an  asymmetric  loading.  The  primary  intent  is 
to  keep  the  rudder  pedal  forces  down  to  realistic  values  when  flying  a  vehicle 
with  an  asymmetric  loading. 

The  possibility  e.xists  that  the  above  requirem.ents ,  which  are  valid 
for  both  the  operational  and  experimental  vehicles,  could  be  relaxed  for  the 
experimental  vehicle.  However,  until  some  experience  is  accumulated  with 
standard  size  re-entry  vehicles  flying  various  Flight  Phases  or  until  detailed 
information  becomes  available  regarding  the  specific  mission  of  the  experi¬ 
mental  vehicle,  no  attempt  will  be  made  to  specify  the  requirement  differently 
for  the  experimental  vehicle. 

Requirement 

3 . 3 . 5 . 2  Directional  control  in  go-around 
Discussion 


This  requirement  is  based  on  the  same  numbered  paragraph  .in  MIL- 
F-8785B(ASG) ,  Reference  2.  The  primary  difference  is  the  el.'.nination  of 
requirements  that  are  associated  with  propeller-driven  vehicles.  The  need 
for  a  requirement  on  the  directional  control  in  go-around  is  obvious.  Rudder 
pedal  forces  greater  than  the  values  specified  could  contribuf.e  significantly 
to  the  pilot  workload  during  this  critical  flight  condition. 

Requirement 

3.3.6  Lateral-directional  characteristics  in  steady  sideslips 
Discussion 


This  major  section  of  the  lateral-directional  flying  qualities  contains 
requirements  on  re-entry  vehicle  characteristics  that  are  manifested  from 
rudder-pedal -induced  sideslips.  They  are  directed  primarily  at  the  static 
characteristics  of  the  vehicle,  whereas  3.3.2  was  directed  at  the  dynamic 
properties  of  the  vehicle.  Some  of  the  important  stability  derivatives  that 
influence  the  static  characteristics  are  /'(tf  ,  ,  and 

Lg  The  makeup  of  the  section  has  been  logically  separated  into  three 
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divisions:  yawing  moments  clue  to  sideslips,  side  forces  due  to  sideslips,  and 
rolling  moments  due  to  sideslips.  In  addition,  a  subparagraph,  positive 
effective  dihedral,  is  included  under  the  third  division  since  it  relates  to 
the  amount  of  control  power  and  control  forces  that  are  necessary  to  compen¬ 
sate  for  the  rolling  moments  induced  from  sideslips. 

This  requirement  is  quite  similar  to  3.3.6.  of  MIL-F-8785B(ASG) , 
Reference  2.  One  notable  exception  is  that  the  maximum  sideslip  angle  which 
is  applicable  to  these  requirements  may  be  specified  by  the  procuring  activity. 
Therefore  the  allowable  sideslip  angle  may  not  be  defined  as  in  Reference  2  by 
either  full  rudder  pedal  deflection,  250  pounds  of  rudder  pedal  force  or 
maximum  aileron  control  or  surface  deflection.  The  rationale  for  including 
a  fourth  method  of  specifying  the  .•naximum  sideslip  angle  is  in  deference  to 
the  very  high  dihedral  characteristic  inharent  i  many  re-entry  vehicle 
configurations. 

It  is  also  noteworthy  that  the  sideslip  angle  defined  by  any  one  of 
these  limits  must  be  attained  prior  to  the  vehicle  diverging  because  of  some 
undesirable  characteristic  like  an  uncontrollable  rolloff.  Obviously,  a 
vehicle  with  such  a  response  does  not  meet  the  requirements. 

Requirement 

3 . 3 . 6 . 1  Yawing  moments  in  steady  sideslips 
Discussion 


Requirements  of  yawing  moments  in  steady  sideslips  are  specified  by 
establishing  requirements  on  the  sense  and  linearity  of  gradients  of  rudder 
pedal  deflection  and  rudder  pedal  force  with  sideslip.  These  gradients  are 
important  to  the  pilot  because  if  they  are  linear,  then  he  is  able  to  predict 
how  an  increase  or  decrease  of  rudder  pedal  deflection  or  force  will  affect 
the  directional  response  of  the  vehicle.  The  primary  difference  between  this 
requirement  and  3.3.6. 1  of  Reference  2  is  the  range  of  sideslip  angles  in 
which  the  linearity  of  these  gradients  applies.  Because  of  the  inherently 
high  roll-to-sideslip  ratio  of  re-entry  vehicles,  these  vehicles  are  not 
expected  to  be  flown  at  large  sideslips.  Therefore  it  is  reasonable  to 
.specify  linearity  of  rudder  pedal  deflection  and  force  with  sideslip  over  a 
smaller  range  than  for  conventional  aircraft.  For  the  operational  vehicle, 
Flight  Phase  Categories  A  and  B,  Levels  1  and  2,  and  all  Flight  Phases  of  the 
experimental  vehicle,  the  sideslip  range  for  linearity  of  the  rudder  pedal 
deflection  and  rudder  pedal  force  has  been  reduced  to  1/3  and  1/2,  respect¬ 
ively,  of  the  values  specified  in  Reference  2.  However,  for  Flight  Phase 
Category  C  of  the  operational  vehicle,  the  sideslip  limits  for  linearity  of 
the  force  gradient  remains  the  same  and  the  range  for  linearity  of  the  de¬ 
flection  gradient  is  2/3  the  value  specified  in  the  requirements  for  conven¬ 
tional  aircraft.  The  requirements  for  the  operational  vehicle  in  Flight  Phase 
Category  C  are  stricter  because  the  pilot  of  an  operational  vehicle  has  to 
control  yawing  moments  due  to  sideslip  more  precisely  over  a  wider  range  of 
sideslip  angles  since  approaches  will  be  made  in  turbulence  and  in  other 
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adverse  conditions. 


If  one  of  the  four  factors  in  3.J,6  that  determine  the  maximum  allow¬ 
able  sideslip  angle  limits  the  sideslip  to  less  than  the  angles  specified  in 
this  paragraph,  then  the  linearity  requirements  of  3. 3. 6.1  are  waived  for 
sideslip  angles  beyond  the  smaller  angle. 

Meeting  the  requirements  of  the  sense  and  linearity  of  gradients  of 
rudder  pedal  deflection  and  rudder  pedal  force  with  sideslip  will  not  neces¬ 
sarily  assure  static  directional  stability.  Paragraphs  3. 3. 1.1  and  3.3,l.i.l 
are  also  directed  at  static  directional  stability.  But  as  mentioned  in  the 
discussion  of  these  two  paragraphs,  basic  unaugmented  "weathercock"  stability 
is  not  required.  In  other  words,  the  Dutch  roll  natural  frequency  can  be  lesa 
than  zero,  with  the  control  surfaces  fixed.  Another  difference  between  the 
two  sets  of  requirements  is  that  the  re-entry  requirement  allows  a  gradient 
reduction  outside  the  sideslip  range  of  linearity  of  no  more  than  50  percent 
whereas  the  MIL-F-878SB(ASG)  requirement  permits  a  g  .adient  reduction  larger 
in  magnitude.  The  rationale  for  making  the  re-entry  requirements  stricter  is 
a  result  of  the  sensitiveness  of  re-entry  vehicles  to  sideslips  because  of  the 
high  roll-to-sideslip  response  ratio.  A  stricter  requirement  on  rudder  pedal 
deflection  and  force  versus  sideslip  for  re-entry  vehicles  appears  to  be  jus¬ 
tified. 


Discussion 


This  requirement  on  side  forces  in  steady  sideslips,  which  is  similar 
to  the  comparable  requirement  in  Reference  2,  is  directed  at  the  proper  rela¬ 
tionship  of  bank  angle  to  sideslip  angle.  While  a  variation  in  bank  angle 
with  sideslip  is  not  necessarily  required,  an  increase  in  left  bank  angle  with 
right  sideslip  or  right  bank  angle  with  left  sideslip  is  not  permitted  because 
it  can  be  confusing.  However,  even  though  it  is  possible,  a  re-entry  vehicle 
is  very  unlikely  to  be  designed  with  this  characteristic. 


The  rolling  moments  in  steady  sideslips  requirement  is  directed  at 
the  sense  of  the  aileron  control  deflection  and  aileron  control  force  with 
sideslip  angle.  In  addition,  for  Levels  1  and  2,  3. 3. 6. 3  requires  linearity 
of  aileron  control  deflection  and  force  with  sideslip.  The  primary  intent  of 
the  paragraph  is  to  determine  the  .static  lateral  characteristics  (the  magni¬ 
tude  of  positive  effective  dihedral)  of  the  vehicle  by  means  normally  used  by 
the  pilot.  Incidental’y,  these  methods  are  easily  measurable  and  are  amenable 
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to  standard  flight  tost  techniques.  Because  of  possible  control  cross-coupling 
effects,  the  requirement  does  not  necessarily  specify  positive  effective  dihedral. 

Linearity  of  aileron  control  deflection  and  force  with  sideslip  is  re¬ 
quired  so  the  pilot  can  control  the  b:ink  angle  of  the  vehicle  more  precisely 
than  if  the  variations  were  not  linear. 

Requireirent 

3 . 5 . b . 3 . 1  Exception  for  go-around 
Discussion 


This  paragraph,  which  is  essentially  the  same  as  in  Reference  2,  waives 
the  rolling  moments  in  steady  sideslips  requirements  for  Flight  Phase  Category 
C  when  a  go-around  is  made.  Thus  the  sense  of  the  gradients  of  aileron-control 
deflection  and  aileron-control  force  with  sideslip  angle  may  be  opposite  to 
the  way  they  are  specified  in  3. 3. 6. 3.  !t  is  doubtful  that  a  re-entry  vehicle 
will  ever  have  to  use  the  exception,  but  since  it  may  be  possible,  this  con¬ 
stitutes  sufficient  justification  for  including  such  an  exception. 

The  allowable  aileron-control  force  of  10  pounds  is  not  a  function  of 
controller  type  because  one-handed  operation  is  assumed  during  the  go-around 
maneuver.  The  requirement  that  50  percent  of  roll  control  power  be  available 
to  the  pilot  is  included  to  provide  a  control  margin  so  the  pilot  can  cope 
with  disturbances  during  a  critical  low-altitude  flight  condition. 

Requirement 

3. 3. 6. 3. 2  Positive  effective  dihedral  limit 
Discussion 


This  paragraph  establishes  limits  on  positive  effective  dihedral  by 
specifying  both  the  amount  of  roll  control  power  and  the  aileron  control  force 
required  to  compensate  for  the  rolling  moments  generated  from  the  sideslip 
angles  that  are  experienced  throughout  the  Service  Flight  Envelope.  The  re¬ 
quirement,  although  similar  to  3. 3. 6. 3. 2  of  Reference  2,  differs  from  it  in 
t»,o  important  aspects.  First,  requirements  are  specified  for  the  operational 
vehicle  and  less  demanding  ones  for  the  experimental  vehicle.  Secondly,  the 
Level  I  requirements  for  the  operational  vehicle  are  approximately  25  percent 
more  stringent  than  the  Level  1  requirements  in  Reference  2.  The  rationale 
for  changing  the  requirement  is  that  since  re-entry  vehicles  generally  have  a 
high  rcTi-to-sideslip  ratio,  it  is  reasonable  that  more  roll  control  power  margin 
should  be  available  to  take  care  of  the  large  rolling  moments  that  might  occur. 
Furthermore,  MIL-F-83300  (Reference  62)  specified  that  for  Level  1,  positive 
effective  dihedral  should  never  be  so  great  that  50  percent  of  the  roll  control 
power  available  to  the  pilot  and  no  more  than  7.5  pounds  of  aileron  control 
force  should  be  required  for  the  sideslips  expected  in  service  employment.  This 
requirement  for  V/STOL  aircraft  is  ideitical  to  the  initial  parts  of  3. 3.6. 3. 2 


178 


I 


I 


& 


T 

I 

f 


i 


I 

I 

t 


I 

I 


I 

i 

I 

i 


for  a  re-entry  vehicle  \vith  a  stick  controller. 

The  primary  reason  for  setting  limits  on  the  amount  of  positive  effec¬ 
tive  dihedral  is  the  concern  that  large  amounts  of  the  available  lateral  control 
power  will  be  needed  to  check  the  response  of  the  vehicle  due  to  turbulence. 
Another  reason  is  because  substantial  aileron  control  power  will  be  required 
when  the  vehicle  is  flying  in  crosswind  conditions.  This  fact  is  particularly 
valid  if  the  pilot  chooses  to  employ  the  standard  slip  method  (upwind  wing 
uovm  and  opposite  rudder  to  hold  straight  flight)  in  the  flare  and  during 
touchdown . 

Requirement 

."5.3.7  Lateral-directional  control  in  crosswinds 
Discussion 


The  lateral-directional  control  in  crosswinds  requirement  for  the 
operational  vehicle  is  the  same  the  Class  III  and  Class  IV  requirement  in 
MIL-F-878SB(ASG) ,  Reference  2.  The  sole  difference  between  that  requirement 
and  the  one  for  the  experimental  vehicle  is  the  velocity  of  the  crosswind 
component.  Since  the  experimental  vehicle  will  be  flown  under  the  most 
favorable  atmospheric  conditions,  it  is  reasonable  that  the  velocity  of  the 
maximum  crosswind  be  set  at  a  reduced  level.  As  rationale  for  establishing 
the  90-degree  crosswind  component  for  the  experimental  vehicle,  information 
was  obtained  about  the  operation  procedure  for  the  present  generation  of  re¬ 
search  lifting  body  vehicles.  An  example  of  some  of  the  highly  restricted 
ground  rules  is  one  that  would  not  permit  a  vehicle  to  be  launched  if  the  wind 
on  the  lakebed  exceeded  IS  knots  in  any  direction  or  a  10  knot  crosswind 
component  to  the  proposed  landing  site.  In  accordance  with  these  restrictions, 
the  crosswind  component  for  the  experimental  vehicle  is  set  at  10  knots  for 
Levels  1  and  2  and  zero  for  Level  3. 

Requirement 

3 . 3 . 7 , 1  Final  approach  in  crosswinds 
Discussion 

This  requirement  establishes  limits  on  rudder-  and  aileron-control 
power  necessary  to  fly  the  final  approach  in  the  crosswinds  of  3.3.7.  It  is 
directed  also  at  the  magnitude  of  the  rudder  pedal  force  that  produces  the 
sideslip  needed  to  fly  in  crosswinds  and  the  aileron  control  forces  that  com¬ 
pensate  for  the  rolling  moments  generated  from  the  sideslip.  Requirements 
are  specified  for  the  operational  vehicle  and  more  lenient  ones  are  specified 
for  the  experimental  vehicle.  The  requirements  for  the  operational  vehicle 
are  significantly  different  from  the  requirements  of  3.3. 7.1  in  Reference  2. 
For  Level  1,  the  allowable  ailerot.  control  power  available  to  the  pilot  and 
the  maximum  aileron  control  force  are  approximately  25  percent  less  than  the 
values  in  Reference  2.  Similarly,  the  Level  2  limits  are  stricter  than  the 
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corresponding  requirements  for  conventional  aircraft.  These  maximums  for  both 
Levels  are  consistent  with  the  specified  magnitudes  in  3. 3. 6. 3. 2,  Positive 
effective  dihedral  limit.  The  rationale  for  making  the  changes  is  written  in 
the  discussion  of  3. 3. 6. 3. 2.  Briefly,  the  reason  is  the  high  ,  roll-to- 
sideslip  response  ratio  of  re-entry  vehicles.  This  characteristic  demands 
considerable  control  power  to  check  the  reaction  of  Che  vehicle  when  it  is 
flown  in  crosswind  conditions.  Therefore,  SO  percent  of  the  roll  control 
power  available  to  the  pilot  is  specified  for  Level  1  instead  of  75  percent 
and  75  percent  is  required  for  Level  2,  Likewise,  the  reduction  in  the  allow¬ 
able  aileron  control  force  from  10  pounds  to  7,5  pounds  for  Level  1  and  from 
20  pounds  to  10  pounds  for  Level  2  is  to  partly  account  for  the  high  sensitive¬ 
ness  in  roll  because  of  the  high  ratio. 

For  the  experimental  vehicle,  the  maximum  sideslip  is  50  percent  of 
the  value  for  the  operational  vehicle  because,  as  discussed  in  the  rationale 
of  3.3.7,  the  experimental  vehicle  will  be  flown  only  under  the  most  favorable 
atmospheric  conditions  with  a  very  low  crosswind  component.  Also,  in  accord¬ 
ance  with  the  reduction  in  sideslip,  it  is  reasonable  that  the  requirements 
on  aileron  control  power  and  aileron  control  force  be  less  strict  than  the 
comparable  requirements  for  the  operational  vehicle. 

Requirement 

3. 3. 7. 2  Takeoff  run  and  landing  rollout  in  crosswinds 


Discus.sion 


The  takeoff  run  and  landing  rollout  in  crosswinds  paragraph  is  simi¬ 
lar  to  3. 3. 7. 2  for  conventional  aircraft.  Reference  2.  It  requires  that 
rudder-  and  aileron- control  power  be  sufficient  to  maintain  a  straight  path 
on  the  landing  surface  with  the  cockpit  control  forces  not  exceeding  the  values 
in  the  lateral-directional  control  in  crosswinds  requirement.  This  specifica¬ 
tion  has  to  be  met  for  both  the  operational  and  the  experimental  vehicles  up 
to  the  crosswind  velocities  listed  in  Table  XII,  This  requirement  is  .self- 
explanator)'  but  is  quite  importajit.  Some  re-entry  configurations  that  are 
satisfactory  under  other  critical  flight  conditions  may  not  be  acceptable  on 
the  runway  in  the  initial  portion  of  a  conventional  takeoff  or  the  final 
stage  after  touchdown. 

Requirement 

3-3. 7, 2,1  Cold-  and  wet-weather  operation 
Discussion 


Obviously,  this  requirement  for  cold-  and  wet-weather  operation  is 
applicable  only  to  operational  vehicles  since  experimental  vehicles  will  only 
bo  landed  on  dry  surfaces.  If  compliance  under  these  adverse  conditions 
cannot  be  demonstrated,  the  minimum  speeds  for  which  directional  control  can 
keep  the  vehicles  on  the  runway  by  use  of  aerodynamic  controls  alone  are  the 
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same  for  Class  ill  and  Class  U'  vehicles  as  the  speeds  for  airplanes  of  com¬ 
parable  Classes  in  Reference  2.  These  speeds  are  consistent  with  the  landing 
task  for  operational  re-entry  vehicles  since  they  have  to  be  designed  to  land 
on  the  same  wet  and  slippery  runways  as  conventional  aircraft. 

As  mentioned  in  the  .MIl.-F- S78SB(ASGJ  BlUG,  Reference  8,  some  airplanes 
that  iiave  large  side  areas  tend  to  be  blown  sideways  when  there  are  high  cross- 
wind  components  along  with  very  slippery  runways.  Thi.s  fact  is  also  expected 
to  be  true  in  tlte  design  of  man>  re-entry  configurations.  Under  the  detrimental 
weather  conditicns  mentioned  above,  it  will  be  difficult  for  re-entry  vehicles 
with  large  side  areas  to  keep  from  being  blown  to  one  side  of  the  landing  sur¬ 
face.  Therefore  the  last  part  of  the  requirement  that  permits  an  exception 
for  90-degree  crosswinds  at  which  the  force  tending  to  blow  the  vehicle  off 
the  runway  exceeds  the  tire-runway  frictional  force  is  also  valid  for  re-entry 
vehicles . 

Requirement 

3 . 3 . 7 . 3  Taxiing  wind  speed  limits 
Discussion 


This  paragraph  is  directed  at  operational  vehicles  only  .since  experi¬ 
mental  vehicles  will  not  be  taxied  in  winds  of  up  to  45  knots.  The  require¬ 
ment  is  self-explanatory  since  it  is  rational  that  it  should  be  possible  to 
taxi  a  re-entry  vehicle  at  any  angle  to  a  45-knot  wind. 

Requirement 

3.3.8  Lateral-directional  control  in  dives 
Discussion 


Latorai-dirar.tional  control  in  dives  applies  to  powered  vehicles  and 
to  unpowered  vehicles  in  equilibrium  glide  flight.  Otherwise  the  requirement 
is  quite  similar  to  3.3.8  of  Reference  2.  The  main  difference  is  the  deletion 
of  any  reference  to  propeller  powered  vehicles. 

Requirement 

3.3.9  Lateral-directional  control  with  asymmetric  thrust 
Discussion 


The  intent  of  this  paragraph  is  to  require  the  safe  lateral-directional 
controllability  of  the  vehicle  following  sudden  asymmetric  loss  of  thrust. 

One  minor  difference  between  this  requirement  and  3.5.9  of  Reference  2  is  the 
insertion  of  the  phrase  "inability  to  get  an  air  start".  This  qualifying 
remark  may  be  very  applicable  to  those  re-entry  vehicles  that  require  air- 
breathing  engines  for  the  approach  and  landing.  These  engines  have  to  be 


started  at  the  proper  time  in  the  latter  part  of  the  terminal  Flight  Phase. 
However,  due  to  the  duration  of  the  soak  period  in  space  which  may  be  up  to 
a  week  or  longer,  the  capability  of  obtaining  a  good  air  start  and  stabilized 
engine  operation  is  an  unknown.  Even  though  the  inability  to  get  an  air 
start  does  not  constitute  a  sudden  asymmetric  loss  of  thrust,  it  still  may 
cause  a  substantial  lateral  and  directional  out-of-trim  condition  (depending 
on  the  location  of  the  nonstartable  engine  and  the  toai  number  of  er.gine.s) . 
Therefore,  this  addition  to  the  requirement  may  be  as  significant  to  the  lateral- 
directional  handling  qualities  as  the  controllability  following  a  sudden 
asymmetric  loss  of  thrust. 


This  paragraph  is  essentially  the  same  as  3. 3. 9,1. of  MIL-F-8785B 
(ASG) ,  Reference  2.  At  first,  consideration  was  given  to  permitting  a  larger 
lateral  deviation  than  30  feet  following  thrust  loss  during  the  takeoff  run. 

It  seems  reasonable  that  a  bigger  sideward  variation  be  allowed  since  re-entry 
vehicles  will  not  normally  be  making  horizontal  takeoffs  from  narrow  runways 
on  a  routine  all-weather  basis.  However,  without  further  available  information 
or  experimental  data  that  could  be  used  to  permit  a  greater  departure  to 
either  side  of  the  intended  path,  the  requirement  remains  the  same  as  for 
conventional  aircraft. 


As  stated  xn  Reference  2,  this  requirement  is  essentially  a  qualita- 
tivo  one  because  of  the  many  variables  that  would  have  to  be  weighed  in  form¬ 
ulating  a  more  exact  definitive  requirement.  In  spite  cf  the  nonquantitative 
nature  of  3.3.9. 1,  the  requirement  does  fulfill  the  primary  objective  of  en¬ 
suring  that,  following  thrust  loss  during  the  takeoff  run,  the  pilot  can 
either  safely  reject  or  safely  continue  the  takeoff. 


Requirement 

3 . 3 . 9 . 2  Thrust  loss  after  takeoff 
Discussion 

There  is  no  change  in  the  specification  of  this  paragraph  and  the 
comparable  one  in  Reference  2  because  the  re-entry  requirement  is  addressed 
to  the  same  task  as  for  conventional  aircraft.  The  purpose  of  this  require¬ 
ment  is  to  ensure  that  a  straight  flight  path  and  a  safe  climb-out  can  be 
made  following  a  thrust  loss  after  takeoff.  The  straight  flight  path  does 
not  have  to  be  parallel  to  the  runway.  The  use  of  automatic  devices  which 
operate  in  the  event  of  a  thrust  failure  are  permitted  as  well  as  banking  the 
vehicle  as  much  as  5  degrees  away  from  the  inoperative  e.igine. 
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Requirement 


^ ^ ^  ^  effects 


Discussion 


Although  the  requirement  on  transient  effects  following  a  sudden 
loss  of  thrust  is  basically  qualitative,  it  can  have  an  important  effect  on 
handling  qualities.  Due  to  the  inherently  high  roll-to-sideslip  ratio  of  the 
Dutch  roll  mode  of  many  re-entry  configurations,  the  sideslip  generated  from 
the  sudden  asymmetric  thrust  condition  can  cause  large  roll  rate  and  bank 
angle  oscillations.  These  motions  have  to  be  controlled  in  an  expeditious 
manner  so  that  dangerous  conditions  are  avoided.  The  type  of  pilot  corrective 
action  used  can  be  significant  because  unnatural  or  unusual  control  inputs 
may  reinforce  the  oscillations.  In  addition,  if  complicated  motions  are  needed 
to  correct  for  the  asymmetry,  than  longer  time  delays  will  have  to  be  assumed. 
As  a  guide  to  defining  a  representative  time  delay,  the  last  part  of  paragraph 
3.4.9  is  repeated  below: 

"This  time  delay  should  include  an  interval  between  the  occur¬ 
rence  of  the  failure  and  the  occurrence  of  a  cue  such  as  acceler¬ 
ation,  rate  displacement,  or  sound  that  will  definitely  indicate  to 
the  pilot  that  a  failure  has  occurred,  plus  an  additional  interval 
which  represents  the  time  required  for  the  pilot  to  diagnose  the 
situation  and  initiate  corrective  action." 

From  the  foregoing,  it  is  reasonable  to  assume  that  a  time  delay  of  one 
second  may  be  unrealistically  short.  A.s  mentioned  in  the  BIUG  for  conven¬ 
tional  aircraft,  Reference  8,  the  time  delay  depends  upon  initial  pilot  alert¬ 
ness,  the  extent  to  which  he  is  actively  controlling  the  vehicle,  the  magni¬ 
tude  and  type  of  pilot  cues,  etc. 

In  summary,  this  requirement  which  is  similar  to  3. 3.9.3  of  Ref¬ 
erence  2  is  necessarily  qualitative  because  of  the  many  and  different  vari¬ 
ables  that  have  to  be  considered  in  specifying  a  quantitative  requirement 
that  is  both  complete  and  unambiguous. 

Requirement 

3 , 3 . 9 , 4  Asyimnetric  thrust  -  rudder  pedals  free 
Discussion 


This  paragraph  is  written  similarly  to  3. 3. 5. 4  of  Reference  2.  It  is 
addressed  to  the  operational  vehicle  only  and  its  capability  of  being  flown 
in  steady  straight  flight  with  rudder  pedals  free  following  asymmetric  loss 
of  thrust.  The  requirement  is  considered  fundamentally  important  since 
banking  the  vehicle  rather  than  yawing  or  sideslipping  it  is  a  mere  instinctive 
and  natural  reaction  by  the  pilot  after  he  perceives  an  asymmetric  thrust 
condition. 


Requirement 


3 . 3 . 9 . 5  Two  engines  inoperative 
Discussion 


This  requirement  which  was  new  to  MIL-F“87853(ASo) >  Reference  2, 
may  be  very  meaningful  to  re-entry  vehicles,  especially  those  that  require 
airbreathing  engines  for  the  approach  and  landing  phases.  Due  to  the  length 
of  the  cold  soak  period  in  space,  the  chances  of  obtaining  reliable  "light-offs" 
of  all  engines  while  descending  through  the  atmosphere  is  ?.t  best  an  unknown 
factor.  If  two  engines  do  not  start  or  if  one  engine  does  not  start  and  another 
engine  fails  later  on,  it  is  reasonable  to  expect  that  the  resulting  transient 
motion  can  be  contained.  In  addition,  it  should  be  possible  to  maintain  straight 
flight  at  any  speed  between  the  one-engine-out  speed  for  maximum  range  and 
the  speed  for  maximum  range  with  two  engines  inoperative.  Also,  in  the  event 
that  two  engines  fail  simultaneously  in  the  climb  following  a  go-around,  for 
example,  this  paragraph  requires  that  the  lateral-directional  characteristics 
be  such  that  the  pilot  can  recover  from  the  asymmetric  condition  at  any  speed 
above  the  minimum  climb  speed.  This  requirement  is  reasonable  and  is  consis¬ 
tent  with  a  similar  specification  in  the  regulations  for  transport  aircraft. 

Requirements 

3 . 4  Miscellaneous  flying  qualities 

3.4.1  Approach  to  dangerous  flight  conditions 

3.4. 1.1  Waniing  and  indication 

3.4. 1.2  Prevention 
Discussion 


As  is  true  for  airplanes.  Section  3.4  attempts  to  cover  flying  qual¬ 
ities  aspects  for  lifting  re-entry  vehicles  which  cannot  be  classified  as  pri¬ 
marily  longitudinal,  lateral-directional,  or  control-system  characteristics. 

The  requirements  treated  in  this  section  are  the  same  requirements  treated 
for  airplanes  in  MIL-F-8785B(ASG)  with  some  slight  modifications.  For  terminal 
flight  at  low  supersonic,  transonic,  and  subsonic  speeds  the  requirements  are 
likely  to  be  similar  for  airplanes  and  lifting  re-entry  vehicles.  Undoubtedly, 
additional  miscellaneous  flying  qualities  requirements  will  develop  as  the 
missions,  Flight  Phases,  and  tasks  of  lifting  re-entry  vehicles  are  more  clearly 
understood.  The  subject  treated  is  complex  and  most  of  the  requirements  are 
qualitative  in  nature. 

The  requirements  on  approach  to  dangerous  flight  conditions,  and 
warning  and  prevention  of  such  conditions  are  applicable  to  airplanes  and 
lifting  re-entiy  vehicles.  In  paragraph  3.4. 1.2,  nuisance  operation  of  pre¬ 
vention  devices  is  allowed  for  an  experimental  vehicle. 
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.".4.2  Stalls 


! 
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3 . 4 . 2 . 1  Required  cond'^  tions 

3 . 4 . 2 . 2  Stall  warning  requirements 

3 . 4 . 2 . 2 . 1  Warning  speed  for  stalls  at  1  g  cos  normal  to  the  flight  path 

3 . 4 . 2 . 2 . 2  Warning  range  for  accv.:ierated  stalls 

3 . 4 . 2 . 3  Stall  characceristics 

3 . 4 . 2 . 4  Stall  recovery  and  prevention 
3 . 4 . 2 . 4 . 1  One-engine-out  stalls 
Discussion 


The  importance  of  stall  requirements  to  lifting  re-entry  vehicles 
is  open  to  some  question^  since  for  some  lifting  re-entry  vehicles,  a  clear 
stall  may  not  be  evident,  and  the  maximum  angle  of  attack  or  minimum  speed 
may  be  limited  by  other  conditions  besides  stall.  Also  presently,  some  consid¬ 
eration  is  being  given  to  lifting  re-entry  vehicles  that  may  be  required  to  oper 
ate  at  angles  of  attack  far  beyond  stall.  An  example  is  a  Faget  vehicle  that 
re-enters  at  an  angle  of  attack  of  approximately  60  degrees.  Since  some  lifting 
re-entry  vehicles  are  expected  to  fly  and  cruise  with  engines  much  as  airplanes 
during  some  Flight  Phases,  such  as  the  ferry  phase,  it  was  decidsd  to  retain 
the  stall  requirements  with  the  option  that  they  could  be  waived  with  the 
prior  approval  of  the  procuring  activity. 

The  stall  requirements  as  stated  are  the  same  as  those  of  airplanes 
with  only  a  few  minor  modifications.  Ar.gle-of-attack  warning  may  be  required 
for  certain  Flight  Phases  since  it  is  the  angle  of  attack  and  not  stall  as 
such  that  indicates  an  approach  to  a  dangerous  flight  condition.  For  unpcwered 
vehicles,  stalls  will  be  made  in  gliding  flight  with  g’s  normal  to  the  flight 
path  of  1  g  cos  Z .  Accelerated  stalls  for  unpowered  vehicles  will  be  made  in 
gliding  turns. 

Requirements 

3.4.3  Spin  recovery 

3.4.4  Roll-pitch-yaw  coupling 
Discussion 


It  is  highly  questionable  whether  any  spin  demonstration  will  be 
required  of  lifting  re-entry  vehicles.  In  cases  where  spin  demonstration  is 
not  required,  spin  recoveries  are  not  likely  to  be  a  requirement.  Since  some 
lifting  re-entry  vehicles  during  particular  Flight  Phases  will  fly  and  cruise 
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with  engines  like  conventional  airplanes,  the  spin  recovery  requirement  was 
retained. 


It  is  questionable  whether  requirements  on  roll-pitch-yaw  coupling 
should  seriously  be  considered  for  lifting  re-entry  vehicles  that  are  not 
required  to  perform  violent  maneuvers  or  rapid  2>60  degree  rolls.  There  was 
considerable  doubt  by  some  contractors  and  government  agencies  whether  lifting 
re-entry  vehicles  could  ever  meet  the  roll-pitch-yaw  coupling  requirements 
for  airplanes  as  they  appear  in  MIL“F-8785B(ASG) .  Ba.sed  on  these  discussions, 
it  was  decided  to  reduce  the  rolls  to  90  degrees. 


The  requirements  on  control  harmony  and  control  force  coordination 
are  identical  to  those  of  airplanes  as  stated  in  MIL-F-8785B(ASG) .  The  sane 
arguments  apply,  and  the  discussions  on  this  subject  in  Reference  8  are  applic¬ 
able  to  lifting  re-entry  vehicles  in  terminal  flight  at  low  supersonic,  tran¬ 
sonic,  and  subsonic  .speeds. 


The  need  for  a  buffet  requirement  is  obvious  as  is  the  requirement 
on  release  of  stores.  These  requirements  are  taken  directly  from  MIL-F-8785B 
(ASG) .  Some  thought  has  been  given  to  lifting  re-entry  vehicles  with  expend¬ 
able  tanks,  etc.,  which  can  be  considered  to  be  stores. 


The  requirement  of  paragraph  3.4.8  was  taken  from  MIL-F-8785B(ASG) 
with  the  references  to  arsnament  delivery,  bomb  bay  doors,  and  armament  pods 
deleted.  Such  references  are  not  expected  to  be  applicable  to  lifting  re-entry 
vehicles. 


The  requirements  on  transients  following  failures  and  failures  are 


self-evident.  They  apply  equally  well  to  lifting  re-entry  vehicles  and  are 
taken  directly  from  MIL-F-8785S(ASG) . 

Requirements 

3 . 5  Characteristics  of  the  primary  flight  control  system 

3.5.1  General  characteristics 


3.5.2  Mechanical  characteristics 


3.5. 2.1  Control  centering  and  breakout  forces 

3. 5. 2. 2  Cockpit  control  tree  play 

3 . 5 . 2 . 3  Rate  of  control  displacement 

5. 5. 2. 4  Adjustable  control.*. 

Discussion 


Section  3.5  deals  with  requirements  of  the  primary  flight  control 
system,  including  the  stability  augmentation  system,  as  they  are  related  to 
flying  qualities.  The  requirements  presented  here,  with  minor  modification.s, 
are  essentially  the  requirements  in  Section  3.5  of  MIL-F-8785B(ASG)  for  air¬ 
planes.  For  terminal  flight  in  the  lower  atmosphere  at  low  supersonic,  tran¬ 
sonic,  and  subsonic  speeds,  one  would  expect  the  requirements  for  airplanes 
and  lifting  re-entry  vehicles  to  be  similar.  It  is,  however,  recognized  that 
lifting  re-entry  vehicles,  especially  fully  operational  vehicles,  will  have 
more  sophisticated  flight  control  systems  than  airplanes.  The  control  systems 
will  probably  be  fly-by-wire  and  the  vehicles  themselves  will  be  highly 
augmented  to  meet  all  the  mission  reqviirements  of  an  operational  vehicle.  As 
the  design,  simulation,  and  operational  experience  w.i  th  these  vehicles  develops, 
the  requirements  on  the  primary  flight  control  system  will  be  modified  and 
extended. 


The  requirements  on  mechanical  characteristics,  control  centering, 
breakout  forces,  free  play,  control  displacement  rates,  and  adjustable  con¬ 
trols  are  the  same  as  the  requirements  for  airplanes  presented  in  MIL-F-8785B 
(ASG) .  Tl-ie  need  for  such  requirements  appears  almost  obvious.  For  more  details 
of  the  rationale  of  these  requirements  and  the  data  upon  which  the  requirements 
are  based,  one  should  refer  to  Reference  8. 

Requirements 

3 .  .S .  3  Dynamic  characteristics 

3 . 5 . 3 . 1  Control  feel 

3 . 5 . 3 . 2  Damping 
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Discussion 


The  quantitative  dynamic  characteristics  in  paragraph  3.5.3  are 
essentially  the  same  as  those  for  airplanes  in  MIL-F-8785B(.\SG) .  In  the  case 
of  lifting  re-entry  vehicles,  the  requirements  for  Category  A  have  been 
equated  to  those  for  Category  B  rather  than  Category  C  Flight  Phases. 

Category  A  Flight  Phases  for  lifting  re-entry  vehicles  are  considerably  less 
demanding  than  Category  A  Flight  Phases  of  airplanes. 

•An  additional  statement  has  been  added  to  the  requirement  that  allows 
alternate  methods  of  defining  acceptable  dynamic  characteristics  if  such 
methods  can  be  substantiated  with  .handling  qualities  data  to  the  satisfaction 
of  the  procuring  activity.  This  addition  vas  felt  to  be  necessary  because 
the  flight  control  systems  of  operational  lifting  re-entry  vehicles  will 
undoubtedly  be  complex,  and  there  are  indications  that  some  or  many  of  these 
systems  may  not  be  adequately  covered  by  the  quantitative  requirements  as 
stated  in  MIL-F-8785B(ASG). 

The  requirements  of  Table  XIV  are  based  almost  exclusively  on  the 
flight  results  of  Reference  3.  In  this  experiment,  the  higK?r-oa'der  dynamic 
effects,  a  result  of  the  introduction  of  various  kinds  of  higi  er-order  control 
systems,  could  be  adequately  represented  by  a  time  delay  or  control  system 
phase  shift  at  a  representative  airplane  frequency.  It  has  been  suggested, 
and  rightly  so,  that  the  effects  of  various  kinds  of  flignt  control  system  dy¬ 
namics  on  handling  qualities  cannot  always  be  adequately  represented  in  terms 
of  phase  shift,  and  some  phase  shift  or  delay  may  be  desirable  in  some  cases 
to  attenuate  a  vehicle  that  responds  abruptly  to  control  inputs.  It  has  also 
been  recently  recognized  that  there  should  also  be  requirements  or  limits  on 
control  system  lead  as  well  as  control  system  lag.  Some  of  these  additional 
aspects  of  control  system  dynamics  on  handling  qualities  are  discussed  in 
Reference  4. 

Sugge;'tions  have  been  made  that  the  effects  of  complex  control 
systems  can  be  adequately  represented  by  a  partitioning  of  the  overall  dy¬ 
namic  effects  jnto  an  "effective"  control  system  and  an  "effective"  airframe. 
It  has  also  been  suggested  that  the  amount  of  phase  shift  should  be  a  function 
of  the  "effective"  bandwidth  of  the  airplane.  But  requirements  that  have  been 
developed  based  on  these  suggestions  using  particular  data,  are  often  not 
supported  by  new  data,  such  as  the  data  of  Reference  4.  At  present,  no  ade¬ 
quate  procedure  exist,s  for  establishing  handling  qualities  requirements  for  • 
the  large  variety  of  flight  control  systems  that  may  be  used  in  airplanes  or 
lifting  re-entry  vehicles. 

The  requirements  on  control  feel  and  control  damping  are  identical 
to  those  in  MIL-F-8785B(ASG)  for  airplanes.  The  rationale  and  data  to 
support  these  requirements  are  discussed  in  detail  in  Reference  8. 
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3. 5. 4.1  Performance  of  augmentation  system 

3. 5. 4. 2  Saturation  of  augmentation  system 
Discussion 


The  statements  on  requirements  of  paragraphs  3.5.4  and  3. 5. 4. 2  are 
identical  to  those  in  MIL-F-8785B(ASG)  for  airplanes.  One  should  refer  to 
Reference  8  for  the  rationale  and  the  details  upon  which  the  requirements  are 
based. 


Paragraph  3.5.4. 1  on  the  performance  of  augmentation  systems  has  been 
expanded  to  include  performance  degradation  due  to  limit  cycle,  and  coupling 
due  to  structural  vibration  and  structural  modes.  Limit  cycles  are  self- 
sustaining  oscillations  in  closed-loop  systems  caused  by  phase  lag  introduced 
through  nonlinearities  such  as  hysteresis,  "slop",  and  deadband.  Coupling 
due  to  structural  vibration  and  structural  modes  is  really  structural  resonance 
caused  by  the  augmentation  system. 

Since  re-entry  vehicles  are  likely  to  operate  at  high  augmentation 
system  gains,  there  is  a  danger  of  limit  cycles  and  structural  resonance 
reaching  magnitudes  which  might  cause  loss  of  control  by  the  pilot  or  structural 
damage  to  the  vehicle. 

NASA  FRC  at  Edwards,  California  has  experienced  limit  cycle  problems 
with  the  augmentation  systems  of  the  X-15,  F-111,  and  lifting  bodies  such  as 
the  M2-F2,  HL-^10,  and  X-24A,  Based  on  this  experience,  NASA  FRC  has  developed 
a  ground  testing  technique  and  criteria  for  limiting  limit  cycles  and  structural 
resonance  to  acceptable  magnitudes.  These  have  been  discussed  in  some  detail 
in  Section  III  under  paragraph  3. 2, 2. 1.3  and  this  discussion  will  not  be  repeated 
here. 


Based  on  NASA  FRC  experience  with  lifting  bodies,  a  design  acceptance 
criterion  has  been  developed  as  shown  on  Figure  14  of  Section  III,  paragraph 
3. 2. 2. 1.3.  These  limit  cycle  criteria  are  stated  in  terms  of  amplitude  of  the 
limit  cycle  at  the  control  surface  in  degrees  (elevator,  aileron,  or  rudder). 
Limit  cycle  amplitudes  have  been  defined  that  are  acceptable,  marginal,  unaccept¬ 
able,  and  destructive. 

Reference  38  has  shown  that  the  magnitude  of  the  limit  cycle  is  re¬ 
lated  to  the  total  loop  gain  of  the  augmentation  system.  As  this  gain  increases, 
the  phase  lag  in  the  control  system  increases  until  the  "knee"  in  the  limit 
cycle  versus  loop  gain  plot  is  reached.  At  this  point,  the  phase  lag  begins 
to  exceed  180  degrees  and  the  system  becomes  unstable.  Reference  38  states 
that  based  on  NASA  FRC  experience,  the  amplitude  of  the  control  surface  limit 
cycle  is  a  good  indicator  of  the  proximity  of  the  limit  cycle  to  the  crossover 
point. 


As  discussed  in  Section  III  (paragraph  3. 2. 2. 1.3),  performance  degrada 
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tion  due  to  the  Unit  cycle  amplitudes  quoted  represents  degradation  in  the 
performance  of  the  flight  control  system  that  can  lead  to  such  things  as 
structural  dama^te  long  before  the  limit  cycle  levels  are  sufficiently  high 
to  result  in  a  significant  degradation  in  handling  qualities. 

Based  on  the  data  in  Reference  SO,  there  is  also  some  question  as 
to  whether  the  control  surface  limit  cycle  steady-state  amplitudes  postulated 
as  limit  cycle  criteria  are  truly  indicative  of  the  proximity  of  the  limit 
cycle  to  the  crossover  point,  and  the  tendencies  of  the  limit  cycle  to  insta¬ 
bility.  It  is  clear  that  additional  work  will  be  required  before  quantitative 
limit  cycle  criteria  and  requirements  can  be  developed,  i.e.,  requirements 
related  to  handling  qualities  and  flight  control  system  design.  These  limita¬ 
tions  in  no  way  detract  from  the  extreme  usefulness  of  reports  such  as  Refer¬ 
ences  38  and  66  in  the  analysis  and  design  of  flight  control  systems  from  the 
standpoint  of  limit  cycle  and  structural  resonance. 

Requirements 

3.5.5  Failures 

3.5.5. 1  Failure  transients 

3 . 5 . 5 . 1  Trim  changes  due  to  failures 

3.5.6  Transfer  to  alternate  control  mo.ies 

3 . 5 . 6 . 1  Transients 

3. 5.6.2  Trim  changes 
Discussion 

The  requirements  on  failures  and  failure  transients,  are  the  same  as 
those  for  aiiplanes  presented  in  M.IL-F-8785B(A.SG) ,  with  one  exception.  The 
Level  1  requirement  for  Level  1  fa.liuxe  transients  has  been  relaxed  from 
0.05  g's  to  0.1  g's.  The  0,05  g's  would  be  hardly  noticed  and  it  is  felt  to 
be  too  stringent  for  both  airplanes  and  lifting  re-entry  vehicles.  Discussions 
with  contractors  and  governnent  agencies  also  generally  indicate  agreement 
with  a  relaxation  in  the  Level  1  requirement. 

The  requirements  on  transfer  to  alternate  control  modes,  transients, 
and  trim  changes  follow  the  requirements  in  MIL-F-8785B(ASG)  and  require 
no  further  discussion  here. 

Reouirements 

3 . 6  Characteri stic.s  of  secondary  control  systems 
3.6. i  Trim  system 
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3 . 6 . 1 . 1  Trim  for  asymmetric  thrust 

3 . 6 . 1 . 2  Rate  of  trim  operation 

3 . 6 . 1 . 3  vStalling  of  trim  systems 

3 . 5 . 1 . 4  Trim  system  irreversibility 
Discussion 


Section  3.6  is  concerned  tvith  the  requirements  of  secondary  control 
systems  as  they  relate  to  flying  qualities  of  lifting  re-entry  vehicles.  The  - 
requirements  presented  here  are  essentially  the  requirements  for  airplanes  as 
they  appear  in  MIL-F-8785B(ASG) .  The  requirements  on  speed  and  flight  path 
control  devices  (Section  3.6.2)  have  been  expanded  to  require  an  auxiliary 
drag  device  for  an  unpowered  lifting  re-entry  vehicle  in  the  landing  approach. 

It  is  recognized  that  secondary  control  systems  of  fully  operational 
lifting  re-entry  vehicles  will  undoubtedly  be  more  sophisticated  and  differ  in 
many  details  from  the  secondary  control  systems  of  conventional  airplanes. 

For  example,  much  of  the  trim  system  may  be  completely  automat’ c,  at  least 
for  some  Flight  Phases.  As  information  from  design,  simulation,  and  actual 
operational  experience  becomes  available,  the  requirements  on  secondary 
control  devices  will  be  revised. 

None  of  the  requirements  in  Sections  3.6.1,  3. 6. 1.1,  3. 6. 1.2,  3. 6. 1.3, 
and  3. 6, 1.4  ‘  ve  been  changed  from  the  requirements  in  MIL-F-S735B(ASG) . 
Reference  8  .-/.plains  the  need  for  the  requirements  and  presents  the  rationale 
upon  which  these  essentially  qualitative  requirements  are  based. 

Requirement 

3.6.2  Speed  and  flight -path  control  devices 
Discussion 


The  intent  of  this  requirement,  when  applied  to  airplanes  or  lifting 
re-entry  vehicles,  is  to  assure  that  the  response  time  and  effectiveness  of 
fore-and-aft  controls  is  adequate  to  control  airspeed  and  flight  path.  The 
requirement  for  airplanes  is  basically  qualitative  in  nature. 

The  importance  of  this  requirement  has  been  especially  evident  to 
pilots  and  flight  test  engineers  at  Edwards  Air  Force  Base  who  have  been 
associated  with  landing  unpowered  experimental  airplanes  such  as  the  X-15, 
and  unpowered  experimental  lifting  re-entry  configurations  such  as  the  M2-F2, 
HL-10,  X-24A,  and  the  M2-F3.  For  unpowered  landings  that  are  to  be  made 
routinely  with  a  reasonable  degree  of  precision,  NASA  and  Air  Force  person¬ 
nel  at  Edwards  have  indicated  that  an  auxiliary  drag  device  is  a  requirement. 
Discussions  with  NASA  and  Air  Force  personnel  have  indicated  that,  based  on 
their  experience,  the  auxiliary  drag  device  must  be  capable  of  doubling  the 
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minimum  drag  during  the  landing  phase  of  flight.  This  experience  is  the  basis 
for  the  quantitative  requirement  for  unpowcred  lifting  re-entry  vehicles. 

Since  the  drag  device  must  be  modulated  to  both  increase  and  decrease  speed 
and  flight  path  angle  during  the  landing  approach,  its  nominal  position  will 
be  partial  extension. 

Requirements 

3.6.3  Transient  and  trim  changes 

3 , 6 . 3 . 1  Pitch  trim  changes 

3.6.4  Auxiliary  dive  recovery  devices 

3.6.5  Direct  normal-force  control 


Discussion 


The  requirements  on  transients  and  trim  changes,  pitch  trim  changes, 
auxiliary  dive  recovery  devices,  and  direct  normal-force  control  are  essen¬ 
tially  the  same  as  the  requirements  in  MIL-F'8785B(A5G) .  'Hie  discussion  in 
Reference  8  should  be  consulted  for  more  detailed  explanations  of  the  need 
for  these  requirements. 

An  exception  to  the  requirements  on  pitch  trim  change  conditions, 
paragraph  3.6, 3.1,  has  been  made.  The  table  on  pitch  trim  change  conditions 
referred  to  in  paragraph  3. 6. 3.1  of  MII,-F-8785B(ASG)  has  been  omitted.  For 
lifting  re-entry  vehicles,  it  appears  that  pitch  trim  change  conditions 
cannot  be  adequately  defined  at  this  time  and  these  trim  change  conditions  are 
best  established  by  the  procuring  activity  for  each  specific  lifting  re-entry 
vehicle. 


Requirements 

3. 7  Atmospheric  disturbances 

3.7.1  Use  of  turoulence  models 

3.7.2  Turbulence  models 

3. 7. 2.1  Continuous  random  model  (von  Karman  form) 

3. 7. 2. 2  Continuous  random  model  (Dryden  form) 

3.  7. 2. 3  .Non-Gaussian  models  (von  Karman  and  Dryden  forms) 
3.7. 2.4  Discrete  model 
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Discussion 


Included  in  Section  3.7  are  the  requi  renieius  for  turbulence  models 
to  be  used  by  the  contractor  in  any  analysis  and  simuiati^.in  ..>f  fi>  Lug  qualities 
to  assess  the  compliance  of  a  lifting  re-entry  vehicle  lo  flying  qualities  re¬ 
quirements  with  atmospheric  disturbances.  The  atmospheric  di sturbanees 
specified  are  essentially  those  for  airplane.s  in  Ml !.- 1-878511  (ASd)  ivith  modifi¬ 
cations  to  make  them  more  applicable  to  lifting  re-entry  vehicles.  A  detailed 
discussion  of  atmospheric  disturbances,  turbaleiu,e  inodeLs,  turbulence  levels, 
and  the  application  of  turbulence  models  in  anul>.sis  i.s  containe.i  in  k:ference 
8.  This  discussion,  with  minor  modifications  to  Ije  noted  lure,  applie-  equally 
well,  to  lifting  re-entry  vehicles. 

There  is  ample  evidence  to  indicate  that  atmospheric  turbulence  is  a 
probiem  of  considerable  significance  to  lifting  re-entry  vehicles.  This 
concern  is  expressed  by  lifting  body  pilots  in  Reference  3.5  in  a  paper  entitled, 
"Pilot  Impressions  of  Lifting  Body  Vehicles."  Reference  6U  describes  some  of 
the  lateral-directional  handling  qualities  problems  associated  with  control 
of  re-entry  vehicle  configurations  in  the  presence  of  atmospheric  turbulence. 

The  response  and  control  problems  in  turbulence  of  lifting  re-entry 
vehicles  are  usually  associated  with  several  of  the  characteristics  typical 
of  lifting  re-entry  vehicle  configurations.  Lifting  re-entry  vehicles  are 
what  can  be  described  as  "inertially  slender"  vehicles.  This  is  a  way  of 
saying  that  the  rolling  moment  of  inertia  is  much  smaller  than  the  moments  of 
inertia  in  yaw  and  pitch  (1^,^,  •«.  4/^^) .  "Inertially  slender"  aircraft 

display  more  pronounced  roll  responses,  especially  roil  responses  due  tu  side¬ 
slip  ).  The  roll  response  due  to  sideslip  is  roughly  proportional  to  L'^ 

at  all  gust  frequencies.  At  high  frequencies,  is  the  primary  roll 
response  parameter,  but  at  low  frequencies,  the  response  is  also  inversely 
proportional  to  the  Dutch  roll  frequency  and  the  roll  mode  root.  The  Dutch 
roll  damping  ratio  determines  the  roll  amplification  at  the  Dutch  roll  frequency. 
When  the  Dutch  roll  damping  is  low,  the  roll  response  at  the  Dutch  roll  frequency 
will  predominate  and  under  these  conditions,  a  good  indication  of  the  roll 
response  is  provided  by  the  bank  angle  to  sideslip  ratio,  / 0//?/^^  .  The  bank 
angle  response  to  sideslip  disturbance  is,  of  course,  dependent  also  on  the 
power  spectral  density  of  the  disturbance  as  well  as  the  airplane  transfer 
function.  The  initial  roll  acceleration  and  the  roil  angles  that  result  from 
a  sharp  edged  gust  can  also  be  relatively  large  because  of  the  relatively  small 
and  the  low  roll  damping.  References  c>5  ana  66  describe  some  of  the  control 
and  gust  response  problems  of  inertially  slender  aircraft.  The  importance  of 
the  frequency  response  of  the  vehicle  in  roll  for  sideslip  gust  inputs  is 
discussed  in  so-me  detail  in  Reference  68. 

'llie  turbulence  velocity  field  is  generally  assumed  to  be  a  zero- 
moan  Gaussian  random  process.  Although  there  is  ample  evidence  to  indicate 
that  the  Gaussian  assumption  is  not  strictly  valid,  this  assumption  is  used 
because  of  the  simplicity  it  affords  in  mathematical  analysis  and  simulation. 
Filtered  Gaussian  noise  does  not  produce  a  sufficient  number  of  extreme 
gusts  or  "spikes"  and  the  natural  "patchiness"  whicli  is  evideiit  in  some 


turbulence  records.  This  is  one  reason  tnai  the  Gaussi'”.  continuous  random 
turbulence  model  is  supplemented  with  a  discrete  model  in  MIL“F-8785B(ASB) . 

In  addition  to  a  discrete  model,  a  continuous  non-Gaussian  turbulence 
representation  is  desirable  and  will  provide  more  realistic  sudden  intense 
gusts  due  to  "patchy"  turbulence  which  can  occur  occasionally.  This  kind  of 
turbulence  could  lead  to  severe  roll  control  problei^  for  lifting  re-entry 
vehicles  in  view  of  their  unique  lateral -directional  cliaracteristics .  .A  non- 
Gaussian  turbulence  representation  may  be  especially  important  in  the  simula¬ 
tion  of  side  gusts,  .  Allowing  for  non-Gaussian  models  for  turbulence 
representation,  at  the  discretion  of  the  procuring  activity,  is  advisable  for 
lifting  re-entry  vehicles. 

Reeves  (Reference  6?)  has  recently  investigated  the  non-Gaussian 
character  or  low  altitude  atmospheric  turbulence  and  an  interesting  method 
for  simulating  atmospheric  turbulence  velocity  components  that  have  non- 
Gaussian  probability  density  functions.  His  work  was  directed  toward  the 
goal  of  accounting  better  for  the  natural  patchiness  of  turbulence  which  leads 
to  quiescent  periods  and  periods  of  varying  turbulence  intensity.  He  replaces 
the  Gaussian  probability  density  function  with  one  that  is  a  modified  Bessel 
function  of  the  second  kind  with  order  zero  (Figure  34).  The  Bessel  function 
probability  density  function  yields  a  greater  probability  for  near-zero  velocity 
fluctuations  and  a  greater  probability  for  large  velocity  fluctuations 
(Figure  35). 

Reeves'  particular  simulation  method  employed  spectra  having  a) 
high  frequency  asymptotic  forms  (Dryden  spectra).  Reeves  recommends  using  the 
Dryden  spectral  forms  since  they  are  spectrally  factorable  and  permit  the  use 
of  exactly  fitting  linear  filters.  For  lifting  re-entry  vehicles,  both  von 
Karman  and  Dryden  spectral  forms  are  allowed  for  non-Gaussian  models  as  well 
as  the  random  models.  Also,  Reeves'  development  was  directed  more  toward  low- 
altitude  turbulence,  but  certain  evidence  is  available  to  indicate  that  high- 
altitude  turbulence  is  also  non-Gaussian. 


Requirements 


3.7.3  Scales  and  intensities  (clear  air  turbulence) 


3. 7. 3.1 

Clear  air  turbulence  (von  Kavraan  scales) 

3. 7. 3. 2 

Clear  air  turbulence  (Dryden  scales) 

3.7.4  Scales  and  intensities  (thunderstorm  turbulence) 

3. 7. 4.1 

Thunderstorm  turbulence  (von  Karman  scales) 

3. 7. 4. 2 

Thunderstorm  turbulence  (Dryden  scales) 

194 


Figure  34  COMPARISON  OF  PROBABILITY  DENSITIES 


VELOCITY 

(a)  GAUSSIAN  FORM  OF  TURBULENCE '''RANDOM 


Figure  35  SKETCH  OF  TURBULENCE  FORMS 


Discussion 


The  requirements  on  the  scales  and  intensities  of  clear  air  turbulence 
for  operational  lifting  re-entry  vehicles  are  the  same  as  those  for  airplanes 
as  they  appear  in  MIL-F-8785B(ASG) .  The  root-mean-square  intensity  can, 
however,  be  reduced  for  experimental  vehicles  since  they  are  operated  under 
more  ideal  flight  conditions.  Tlu  degree  of  reduction  cannot  be  defined 
quantitatively  at  this  time  and  tne  degree  of  reduction  is  left  to  consultation 
between  the  contractor  and  the  procuring  activity. 

The  value  of  <5^^  specified  as  a  function  of  altitude  for  clear  air 
turbulence  (Figure  8),  is  that  rms  level  of  turbulence  that  can  only  be 
equalled  or  exceeded  with  a  probability  of  0.01,  i.e.,  99%  of  the  time  in 
flight  at  a  given  altitude  will  involve  turbulence  with  an  rms  level  less  than 
6‘^,  or  flight  in  air  without  turbulence.  It  is  also  true  from  Figure  8  , 
that  since  is  zero  above  90,000  feet,  99%  of  the  time  in  flight  above 

90,000  feet  will  be  in  turbulence- free  air. 

Obviously,  Figure  8  does  not  mean  that  no  turbulence  is  present 
above  90,000  feet,  nor  does  it  mean  that  high  turbulence  levels  cannot  occur, 
but  the  probability  of  any  level  of  turbulence  is  less  than  0.01.  Since  lifting 
re-entry  vehicles  will  certainly  spend  more  flight  time  at  high  altitudes  than 
airplanes,  allowing  for  higher  levels  of  5^/-  at  altitude  may  be  justifiable 
for  lifting  re-entry  vehicles  and  should  be  considered  by  the  contractor  and 
the  procuring  activity. 

Thunderstorm  turbulence  is  not  expected  to  be  a  consideration  for 
experimental  vehicles  because  of  the  more  ideal  atmospheric  conditions  under 
which  they  will  operate. 


Requirement 

3.7.5  Application  of  the  turbulence  models  in  analysis 


Discussion 


The  requirements  for  applying  turbulence  models  in  analysis  are 
essentially  the  same  for  lifting  re-entry  vehicles  and  airplanes.  The  detailed 
discussion  of  the  requirements  in  MlL-r-P785B(ASG)  is  applicable  with  the 
additional  considerations  to  be  presented  here. 

Although  simplicity  in  gust  simulation  is  always  desirable,  this  is 
especially  the  case  for  lifting  re-entry  vehicles  if  non-Gaussian  turbulence 
models  are  to  be  used.  The  primary  consideration  for  lifting  re-entry  vehicles 
is  likely  to  be  the  lateral-directional  response,  particularly  the  roll  response 
which  is  strongly  influenced  by  the  low  roll  moment  of  inertia  and  high  roll 
due  to  sideslip  of  lifting  re-entry  configurations.  Of  the  six  gusts  /3g  , 

■Pg  ,  .and  produce  lateral-directional  responses  and  the  side  gust/^=-^// 
is  clearly  of  primary  importance.  When  the  span  of  a  lifting  re-entry  vehicle 
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is  small  compar'jd  witli  ihe  predominant  vertical  gust  wavelengths,  the  effects 
of  -fg  ,  the  spanwise  gradient  of  the  vertical  gust,  is  also  likely  to  be  small. 
It  IS  also  true  that  the  rolling  moment  due  to  is  small  when  the  unaug- 

inented  vehicle  roil  damping  is  small.  In  such  cases,  it  may  be  justifiable  to 
neglect  ihe  second-.>rder  injHit  -Pg  .  Ihe  yaw  gust  velocity,  g  ,  is  also  a 
second-order  input  and  its  effects  can  probal>ly  be  safely  neglected  for  some 
lifting  re-entry  configurations. 

In  the  lo.Mgitudinal  case,  the  head-on  gust  Ug  at  altitude  can 
probably  be  neglected  compared  to  a-g  .  In  the  landing  approach,  however, 
it  may  be  advisable  to  include  Ug  in  the  simulation,  the  second-order  magni¬ 
tude  input  (ig  can  probably  be  safely  neglected  for  some  lifting  re-entry 
vehicles . 

In  the  simulation  of  gusts  for  lifting  re-enti'y  vehicles,  it  may  often 
be  adequate  to  simulate  only  for  lateral-directional  motions  and  tcg  for 
longitudinal  motions.  It  is  also  probably  true  that  and  f g  can  be  obtained 
from  and  simulation  with  only  a  small  amount  of  additional  complication 
in  equipment.  Of  course,  care  must  be  used  in  making  decisions  on  simplifica¬ 
tions  in  gust  iimulation  for  lifting  re-entry  vehicles  since  these  simplifica¬ 
tions  may  be  strongly  configuration  dependent.  It  is  left  to  the  contractor  to 
.supply  justification  to  the  procuring  activity  for  any  simplifications  in  gust 
simulation  for  the  purpose  of  investigating  vehicle  flying  quantities. 

Since  lifting  re-entry  vehicles  will  in  many  cases  be  highly  augmented, 
it  should  be  emphasized  that  the  turbulence  velocities  {  u,g  ,  ^  ,  (ig  , 

Vg  )  agreed  upon  will  bo  applied  to  the  unaugmented  aerodynamic  terms  in 
the  vehicle  equations  of  motion  and  the  air  sensors  used  in  the  augmentation. 

Requirements 
4  QUALITY  AiSSURANCb 

4. 1  Compliance  demonstration 

4 . 2  Vchi c le  States 

4. 2.1  Weights  and  moments  of  inertia 

4.2.2  Ccntcr-of-gravity  positions 

4.2.3  Thrust  settings 

4.3  D-esign  and  test  conditions 

4.3.1  Altitudes 

4.3.2  Special  conditions 

4 . 4  Interpretation  of  qualitative  requirements 
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Discussion 


The  requirements  of  this  specification  are  intended  to  apply  to  those 
Flight  Phases,  loadings,  external  store  configuratioiis ,  and  geometric 
configurations  of  a  lifting  re-entry  vehicle  during  terminal  flight  at  low 
supersonic,  transonic,  and  subsonic  speeds.  The  requirements  are  also 
expected  to  consider  the  various  failure  states  of  the  vehicle.  Design  and 
flight  tost  e.xperience  with  lifting  re-entry  vehicles  is  extremely  limited 
and  it  is  difficult  to  specify  the  critical  conditions  of  the  vehicle  to  meet 
each  of  the  requirements  in  the  specification.  These  critical  conditions  will 
vary  from  one  lifting  re-entry  vehicle  to  another  and  will  also  depend  on 
whether  the  vehicle  is  to  be  considered  operational  or  experimental. 

The  number  of  design  and  flight  test  conditions  to  be  considered 
must  of  necessity  be  extremely  limited  and  the  limitations  are  to  a  large 
extent  detennined  by  considerations  of  time  and  money.  Experimental  lifting 
re-entry  vehicles  are  usually  low  budget,  "one  of  a  kind"  vehicles.  For 
"low  budget"  vehicles,  a  greater  degree  of  reliance  on  checking  compliance 
to  the  requirements  will  be  detei*mined  by  analysis,  simulation,  and  ground 
tests . 

The  specific  loading  and  flight  conditions  to  be  examined  must  be 
established  by  mutual  consultation  and  agreement  between  the  contractor  and 
procuring  activity  with  a  realistic  consideration  of  the  many  factors  involved. 
The  discussion  and  tables  in  Reference  8  on  Quality  Assurance  for  airpl-nnes 
may  be  used  as  a  guide  for  design  and  test  conditions  to  be  investigated  for 
lifting  re-entry  vehicles. 

Compliance  with  the  requirements  will  be  determined  during  glide  and 
gliding  turns  for  unpowered  vehicles.  When  speed  is  to  be  held  constant  and 
varied  from  one  speed  to  another,  indicated  airspeed  will  be  used  in  unpowered 
gliding  flight. 

The  requirements  on  vehicle  states  are  essentially  those  of  airplanes 
as  they  appear  in  MIL-F-8785BCASG) .  For  unpowered  vehicles,  nominal  settings 
of  drag  devices  shall  be  established  for  selected  design  conditions  where  vehicle 
compliance  is  to  be  investigated. 

It  will  not  be  possible  to  establish  design  and  test  conditions  for  an 
unpowered  vehicle  at  fixed  altitudes.  The  terminal  and  nonterminal  Flight 
Phases  will  be  explored  at  altitudes  as  they  occur  during  glides  and  gliding 
turns  during  terminal  flight  to  touchdown. 

There  are  special  flight  conditions  that  may  be  unique  to  lifting 
re-entry  vehicles  and  may  reveal  special  problems,  based  on  past  experience 
with  such  vehicles,  and  should  be  investigated  in  flight  if  possible.  These 
are; 

1.  Lowest  dynamic  pressure  and  lowest  Mach  number 

2.  Highest  angle  of  attack 

3.  Lowest  angle  of  attack 
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4.  Most  critical  angie-of-attack  condition  as  determined  by 
mutual  agreement  between  the  contractor  and  procuring 
activity. 

During  some  Flight  Phases,  a  lifting  re-entry  vehicle  will  be  required 
to  operate  under  low  dynamic  pressure  conditions,  that  is,  dynamic  pressures 
lower  than  those  required  to  sustain  the  vehicle  in  level  flight.  This  will  be 
true  even  within  the  limitations  of  this  specification  which  is  expected  to 
apply  during  terminal  flight  at  low  supersonic,  transonic,  and  subsonic 
speeds.  Such  conditions  may  be  critical  from  the  standpoint  of  meeting  handling 
qualities  requirements  and  should  be  considered. 

The  dynamic  characteristics  and  handling  qualities  of  lifting  re¬ 
entry  vehicles  can  be  strong  functions  of  angle  of  attack.  Based  on  past 
experience  with  some  lifting  re-entry  configurations,  this  is  especially  true 
of  lateral-directional  characteristics.  In  fact,  flight  envelopes  for  such 
vehicles  are  often  limited  by  angles  of  attack  above  and  beluw  which  the 
handling  qualities  of  the  vehicle  become  unacceptable.  It  is  therefore 
advisable  to  check  both  a  high,  low,  and  critical  angle  of  attack  region  for 
compliance  with  the  requirements. 

Because  of  the  very  limited  handling  qualities  data  on  lifting  re¬ 
entry  vehicles,  it  is  more  true  of  this  specification  than  MIL-F'-8785B(ASG) 
that  many  of  the  requirements  have  been  stated  in  a  qualitative  way  to  allow 
latitude  in  establishing  requirements  based  on  consultation  and  agreement 
between  the  contractor  and  procuring  activity.  Final  determination  of 
compliance  with  the  requirements  will  be  made  by  the  procuring  activity. 
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